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Abstract
Per- and polyfluoroalkyl substances (PFAS) are a group of anthropogenic
contaminants that are growing increasing concern due to their associated negative health
affects. The properties of PFAS result in their persistence and stability which present
challenges for remediation. Activated carbon is currently the most widely used method for
PFAS treatment since carbon microparticle injection can be used for in-situ treatment;
however, this method does not result in PFAS destruction. Thermal treatment is a
promising post-treatment method that can be used with activated carbon as long as
sufficient PFAS-destroying temperatures are achieved (> 900°C). A promising in-situ
thermal treatment technology is Self-Sustaining Treatment for Active Remediation
(STAR) which uses smouldering combustion to destroy organic contaminants embedded
within a porous matrix. This study investigates carbon injection to support STAR for the
treatment of PFAS. Four solutions were used (i) 17% colloidal activated carbon (CAC) (ii)
23% CAC (iii) 17% powdered activated carbon (PAC) and (iv) 23% PAC. Smouldering
temperatures greater than required PFAS destruction temperature were reached for all
carbons if 50 g carbon/kg sand was achieved for both injection and soil-mixing delivery
methods. Moreover, emulsified vegetable oil (EVO) was demonstrated to be a successful
secondary surrogate fuel to further enhance smouldering temperatures when supplied at a
quantity less than or equal to carbon microparticles. These findings present the necessary
intermediate laboratory work to evaluate methods that will achieve PFAS treatment
through STAR when applied in the field.
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Summary for Lay Audience
PFAS are a group of human-made chemicals that have been used since the 1950s
for consumer products. These products include non-stick cookware, waterproof jackets,
stain-resistant furniture, and waterproof cosmetics. One of the main sources of PFAS is fire
fighting foam used to put out large and fast-spreading fires. PFAS has entered the
environment from manufacturing companies releasing waste or firefighting foam being
sprayed onto the ground. PFAS has been a growing concern in recent years because it is
difficult to treat. The properties that make them desirable for use in commercial products
cause them to persist in the environment and resist breakdown. This results in PFAS
accumulating over time, making them more dangerous for both the environment and
humans. PFAS is linked to many adverse health effects and cancers, which puts the need
for proper treatment of PFAS as a priority.
Activated carbon has been successful at treating PFAS. This method works by
carbon adsorbing the PFAS, which does not eliminate it. If this is used in the environment,
the PFAS will be stuck in place and not destroyed through carbon injection into the ground.
STAR is a heat-based technology that can be used both below and above the ground, which
has successfully treated other contaminants while not requiring a large amount of energy.
PFAS can be treated by burning it at temperatures above 900°C, which STAR can do. This
research explored the use of carbon injection to support STAR to reach temperatures that
will destroy PFAS. Carbon injection is necessary as this application will allow STAR to be
used below the ground, and the carbon will be able to target the PFAS and provide a source
of fuel to reach these high temperatures. Results showed that temperatures greater than
900°C could be achieved with various injectable carbon solutions supporting STAR. These
methods can be used to treat PFAS when contaminating the environment underground.
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Chapter 1
1
1.1

Introduction

Research Background
Per- and polyfluoroalkyl substances (PFAS) are a group of anthropogenic chemicals

now recognized as emerging contaminants of concern due to their environmental and
human health implications (Arias Espana et al., 2015; Buck et al., 2011; Dorrance et al.,
2017). PFAS have been widely used for commercial and industrial purposes due to their
heat-resistant and water-resistant properties (Buck et al., 2011; Glüge et al., 2020). These
properties have made PFAS desirable for use in products like non-stick cookware, food
packaging, waterproof materials, and aqueous film forming foam (AFFF) (Dorrance et al.,
2017; Glüge et al., 2020). While PFAS has been advantageous for use in many consumer
applications, the production of PFAS has been found to result in widespread contamination
(Meegoda et al., 2020). PFAS contains a carbon-fluorine chain attached to a functional
head group; the most well-known being sulfonic or carboxylic functional groups (Buck et
al., 2011; Krafft & Riess, 2015; Ross et al., 2018). The strength of the carbon-fluorine chain
is what makes PFAS resistant to many types of degradation and remediation (Glüge et al.,
2020). If not treated properly, PFAS can accumulate in an environment over time
(Kwiatkowski et al., 2020). This is a major issue for industry and government since PFAS
have been associated with negative human health effects such as reduced birth weights,
thyroid disease, gestational diabetes, and various cancers (Dorrance et al., 2017;
Kwiatkowski et al., 2020; Szilagyi et al., 2020).
Currently, there is no proven remedial method that will treat PFAS sufficiently in
contaminated waters or soils (Ross et al., 2018). For contaminated drinking water, typical
treatment train methods, such as anaerobic digestion, filtration, coagulation, flocculation,
and disinfection, are proven to be insufficient so secondary, or post-treatments are required
for proper PFAS removal (Appleman et al., 2014; Crone et al., 2019; Li et al., 2020;
Winchell et al., 2022). The use of granular activated carbon (GAC) has shown success for
removing PFAS from water and is the most commonly used application to date (Arias
Espana et al., 2015; Belkouteb et al., 2020). However, the PFAS-sorbed spent GAC must
be regenerated or destroyed through post treatment methods such as incineration or thermal
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treatment for complete destruction of the PFAS (Arias Espana et al., 2015). For PFAS
contaminated soils, the most commonly used treatment method is excavation and
incineration (Ross et al., 2018). However, this method is invasive, expensive, and energy
intensive, making it impractical for use on large quantities of contaminated soil (Dorrance
et al., 2017; Ross et al., 2018). More recently, activated carbon has been investigated as an
in-situ method for treatment (Georgi et al., 2015).
Activated carbon has been delivered in-situ through injection for a variety of
treatment purposes at varying geological conditions (USEPA, 2018). Depending on the
size of carbon selected, high- or low-pressure injection can be used. Low pressure injection
is typically more ideal for use since it will not create artificial fractures in the sub surface,
however, this can only be done when the carbon size is small (i.e., typically 1-2 μm in size)
(USEPA, 2018). Smaller particle size carbons are also ideal since they have a higher
adsorption capacity to treat more contaminants due to their larger surface areas (Du et al.,
2014). For this reason, the most desirable carbon for injection purposes is colloidal
activated carbon (CAC), followed by powdered activated carbon (PAC) (Carey et al., 2019;
Du et al., 2014). When using carbon injection to treat PFAS in situ, the carbon is placed to
create subsurface barriers to prevent further migration and localize the contaminant once
the PFAS is adsorbed (Mahinroosta & Senevirathna, 2020). However, the accumulative
nature of PFAS without breakdown will cause the PFAS to break through the carbon
barriers, making this alternative insufficient for long term treatment (Carey et al., 2019).
For complete long term treatment, a post-treatment method is also required, for which there
is not yet a viable available option (Mahinroosta & Senevirathna, 2020; Simon, 2015).
One method of treatment for PFAS that has been proven to be successful is thermal
treatment (Arias Espana et al., 2015; Crownover et al., 2019). When PFAS is heated
sufficiently, it will result in the complete defluorination of the perfluoroalkyl chain which
results in the full destruction of the molecule (Horst et al., 2020). If not heated sufficiently,
incomplete thermal destruction may occur which could result in the production of shorter
chain PFAS and potentially harmful by-products (Horst et al., 2020; Wang et al., 2013;
Watanabe et al., 2016). Temperatures between 700°C – 750°C were found to be the lowest
temperature that would result in significant PFAS destruction (Yamada et al., 2005).
However, this temperature range will result in the production of short chain volatile organic
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fluorine (VOF) (Watanabe et al., 2016). So, for sufficient treatment resulting in complete
destruction, temperatures greater than 900°C must be achieved (Duchesne et al., 2020;
Major, 2019; Verma et al., 2021; Watanabe et al., 2016). Currently used thermal
destruction methods, such as incinerators, are unfeasible treatment options since they are
not built to properly handle PFAS destruction at this temperature, mainly due to how
energy intensive it will be to maintain temperatures this high (Arias Espana et al., 2015;
Dorrance et al., 2017; Wang et al., 2022).
Self-Sustaining Treatment for Active Remediation (STAR) is a commercially
available thermal remediation option for both ex-situ and in-situ treatment of hazardous
organic waste (Pironi et al., 2009; Scholes et al., 2015; Solinger et al., 2020; Switzer et al.,
2014). STAR technology uses smouldering, which is a flameless form of combustion that
gains its heat from reactions that occur on the surface of a fuel when exposed to an
oxidizing environment (Ohlemiller, 2002). In STAR, the source fuel is condensed in an
inert porous medium; for which the fuel supports the reaction and the porous medium
provides permeability for oxygen to flow (Torero et al., 2020). Reactions through
smouldering convert the fuel into primarily heat, carbon dioxide, and water (Rein, 2016).
Smouldering will propagate heat after ignition as a thin front in the direction of oxygen
flow which will consume the fuel source as it propagates and leaves behind clean media
when the reaction comes to an end (Pironi et al., 2009; Switzer et al., 2009). STAR takes
advantage of the self-sustaining nature of the smouldering reaction. Once the reaction is
ignited after a short-duration energy input, the reaction will propagate throughout the
system without the need for external energy. Furthermore, the reaction will propagate
through the contaminated zone, and will self terminate once the fuel source is exhausted
(Grant et al., 2016). The user can also control the reaction by terminating it at any point by
cutting off the oxygen supply (Grant et al., 2016). The main contaminants treated through
STAR were able to also serve as the fuel source since they are dense, energetic
hydrocarbons such as coal tar and crude oil (Pironi et al., 2009; Switzer et al., 2008). Some
contaminants are volatile or present in too low of a concentration to support the reaction so
a surrogate fuel can be added to support the smouldering reaction (Duchesne et al., 2020;
Kinsman et al., 2017; Salman et al., 2015). Vegetable oil and emulsified vegetable oil
(EVO) have been used as a smouldering supplemental fuel for treating volatile organic
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compounds and proof-of-concept work has demonstrated GAC as a supplemental fuel for
smoldering treatment of PFAS (Duchesne et al., 2020; Salman et al., 2015). Work with
STAR and PFAS is limited and has yet to be explored as an in situ treatment approach
(Duchesne et al., 2020; Major, 2019). Typical temperatures experienced through STAR
treatment range from 450°C to 700°C (Pironi et al., 2009; Rein, 2016). However,
temperatures over 900°C need to be achieved for STAR to be considered a feasible
treatment option for the destruction of PFAS (Duchesne et al., 2020; Zanoni et al., 2019).
Some research has been conducted on distributing particulate GAC but not in the context
of smouldering. No research has been conducted on in situ distribution of activated carbon
microparticles for STAR treatment of contaminants, including PFAS.
Research Objective
To address this research gap, the primary objectives of this thesis are:
1) Determine the concentration and distribution of activated carbon microparticles that
can be delivered to a soil matrix through injection.
2) Conduct a series of smouldering tests using several formulations of carbon
microparticles to determine if a self-sustaining reaction can be achieved that will
treat PFAS.
3) Investigate the use of EVO-supported carbon microparticles to enhance the
smouldering results as well as provide a cost-savings alternative for full scale
treatment.
1.2

Thesis Outline
This thesis is written in the “Integrated Article” format, following specifications and

guidelines outlined by the Facility of Graduate Studies at Western University. Descriptions
of each chapter included in this thesis are presented below.
Chapter 1 outlines the relevant background research, addresses gaps in current
research, and presents the research objectives for the study.
Chapter 2 is a synthesized review of relevant literature. This literature involves an
overview of PFAS including background, properties, environmental contamination, health
effects, and current remedial options. Background of carbon injection is also presented
which involves current methods and applications that are used for in-situ remediation
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purposes. Additionally, an overview of smouldering remediation and its commercial
application of STAR is presented which discusses smouldering conditions, characteristics,
and applications for treatment to date.
Chapter 3 presents the results from laboratory experiments completed for the study
that investigate the potential for carbon injection to support STAR, with a particular focus
on its ability to be used as an in-situ treatment method for PFAS. These experiments include
small column injections and lab-scale smouldering tests. This chapter is written as a
manuscript for the purpose of submitting to a peer reviewed journal for publication.
Chapter 4 provides a comprehensive summary of the research conducted and main
findings, conclusions drawn from the work, and recommendations for future work
continuing this topic.
Appendices included provide additional information and supplementary material that
is referenced throughout the thesis to support the results presented.

6
1.3

References

Appleman, T. D., Higgins, C. P., Quiñones, O., Vanderford, B. J., Kolstad, C., ZeiglerHolady, J. C., & Dickenson, E. R. V. (2014). Treatment of poly- and
perfluoroalkyl substances in U.S. full-scale water treatment systems. Water
Research, 51, 246-255.
https://doi.org/https://doi.org/10.1016/j.watres.2013.10.067
Arias Espana, V. A., Mallavarapu, M., & Naidu, R. (2015). Treatment technologies for
aqueous perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA): A
critical review with an emphasis on field testing. Environmental Technology &
Innovation, 4, 168-181. https://doi.org/https://doi.org/10.1016/j.eti.2015.06.001
Belkouteb, N., Franke, V., McCleaf, P., Köhler, S., & Ahrens, L. (2020, 2020/09/01/).
Removal of per- and polyfluoroalkyl substances (PFASs) in a full-scale drinking
water treatment plant: Long-term performance of granular activated carbon
(GAC) and influence of flow-rate. Water Research, 182, 115913.
https://doi.org/https://doi.org/10.1016/j.watres.2020.115913
Buck, R. C., Franklin, J., Berger, U., Conder, J. M., Cousins, I. T., de Voogt, P., Jensen,
A. A., Kannan, K., Mabury, S. A., & van Leeuwen, S. P. (2011). Perfluoroalkyl
and polyfluoroalkyl substances in the environment: Terminology, classification,
and origins. Integrated Environmental Assessment and Management, 7(4), 513541. https://doi.org/https://doi.org/10.1002/ieam.258
Carey, G. R., McGregor, R., Pham, A. L.-T., Sleep, B., & Hakimabadi, S. G. (2019).
Evaluating the longevity of a PFAS in situ colloidal activated carbon remedy.
Remediation Journal, 29(2), 17-31. https://doi.org/10.1002/rem.21593
Crone, B. C., Speth, T. F., Wahman, D. G., Smith, S. J., Abulikemu, G., Kleiner, E. J., &
Pressman, J. G. (2019). Occurrence of Per- and Polyfluoroalkyl Substances
(PFAS) in Source Water and Their Treatment in Drinking Water. Critical reviews
in environmental science and technology, 49(24), 2359-2396.
https://doi.org/10.1080/10643389.2019.1614848
Crownover, E., Oberle, D., Kluger, M., & Heron, G. (2019). Perfluoroalkyl and
polyfluoroalkyl substances thermal desorption evaluation. Remediation Journal,
29(4), 77-81. https://doi.org/https://doi.org/10.1002/rem.21623
Dorrance, L. R., Kellogg, S., & Love, A. H. (2017). What You Should Know About Perand Polyfluoroalkyl Substances (PFAS) for Environmental Claims.
Environmental Claims Journal, 29(4), 290-304.
https://doi.org/10.1080/10406026.2017.1377015
Du, Z., Deng, S., Bei, Y., Huang, Q., Wang, B., Huang, J., & Yu, G. (2014). Adsorption
behavior and mechanism of perfluorinated compounds on various adsorbents—A
review. Journal of Hazardous Materials, 274, 443-454.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2014.04.038
Duchesne, A. L., Brown, J. K., Patch, D. J., Major, D., Weber, K. P., & Gerhard, J. I.
(2020). Remediation of PFAS-Contaminated Soil and Granular Activated Carbon
by Smoldering Combustion. Environmental Science & Technology, 54(19),
12631-12640. https://doi.org/10.1021/acs.est.0c03058
Georgi, A., Schierz, A., Mackenzie, K., & Kopinke, F.-D. (2015). Colloidal activated
carbon for in-situ groundwater remediation — Transport characteristics and
adsorption of organic compounds in water-saturated sediment columns. Journal of

7
Contaminant Hydrology, 179, 76-88.
https://doi.org/https://doi.org/10.1016/j.jconhyd.2015.05.002
Glüge, J., Scheringer, M., Cousins, I. T., DeWitt, J. C., Goldenman, G., Herzke, D.,
Lohmann, R., Ng, C. A., Trier, X., & Wang, Z. (2020). An overview of the uses
of per- and polyfluoroalkyl substances (PFAS) [10.1039/D0EM00291G].
Environmental Science: Processes & Impacts, 22(12), 2345-2373.
https://doi.org/10.1039/D0EM00291G
Grant, G. P., Major, D., Scholes, G. C., Horst, J., Hill, S., Klemmer, M. R., & Couch, J.
N. (2016). Smoldering Combustion (STAR) for the Treatment of Contaminated
Soils: Examining Limitations and Defining Success. Remediation-the Journal of
Environmental Cleanup Costs Technologies & Techniques, 26(3), 27-51.
https://doi.org/10.1002/rem.21468
Horst, J., McDonough, J., Ross, I., & Houtz, E. (2020). Understanding and Managing the
Potential By-Products of PFAS Destruction. Groundwater Monitoring &
Remediation, 40(2), 17-27. https://doi.org/10.1111/gwmr.12372
Kinsman, L., Torero, J. L., & Gerhard, J. I. (2017). Organic liquid mobility induced by
smoldering remediation [Article]. Journal of Hazardous Materials, 325, 101-112.
https://doi.org/10.1016/j.jhazmat.2016.11.049
Krafft, M. P., & Riess, J. G. (2015). Selected physicochemical aspects of poly- and
perfluoroalkylated substances relevant to performance, environment and
sustainability—Part one. Chemosphere, 129, 4-19.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2014.08.039
Kwiatkowski, C. F., Andrews, D. Q., Birnbaum, L. S., Bruton, T. A., DeWitt, J. C.,
Knappe, D. R. U., Maffini, M. V., Miller, M. F., Pelch, K. E., Reade, A., Soehl,
A., Trier, X., Venier, M., Wagner, C. C., Wang, Z., & Blum, A. (2020). Scientific
Basis for Managing PFAS as a Chemical Class. Environmental Science &
Technology Letters, 7(8), 532-543. https://doi.org/10.1021/acs.estlett.0c00255
Li, F., Duan, J., Tian, S., Ji, H., Zhu, Y., Wei, Z., & Zhao, D. (2020). Short-chain perand polyfluoroalkyl substances in aquatic systems: Occurrence, impacts and
treatment. Chemical Engineering Journal, 380, 122506.
https://doi.org/https://doi.org/10.1016/j.cej.2019.122506
Mahinroosta, R., & Senevirathna, L. (2020). A review of the emerging treatment
technologies for PFAS contaminated soils. Journal of Environmental
Management, 255, 109896.
https://doi.org/https://doi.org/10.1016/j.jenvman.2019.109896
Major, D. (2019). Demonstration of Smoldering Combustion Treatment of PFASimpacted Investigation-Derived Waste.
Meegoda, J. N., Kewalramani, J. A., Li, B., & Marsh, R. W. (2020, Nov 3). A Review of
the Applications, Environmental Release, and Remediation Technologies of Perand Polyfluoroalkyl Substances. Int J Environ Res Public Health, 17(21).
https://doi.org/10.3390/ijerph17218117
Ohlemiller, T. J. (2002). Smoldering Combustion. In SFPE Handbook of Fire Protection
Engineering (3rd ed., pp. 2-200 - 202-210). The National Fire Protection
Association
Pironi, P., Switzer, C., Rein, G., Fuentes, A., Gerhard, J. I., & Torero, J. L. (2009). Smallscale forward smouldering experiments for remediation of coal tar in inert media

8
[Article]. Proceedings of the Combustion Institute, 32, 1957-1964.
https://doi.org/10.1016/j.proci.2008.06.184
Rein, G. (2016). Smoldering Combustion. In SFPE Handbook of Fire Protection
Engineering (5th ed., pp. 581 - 603). Springer.
Ross, I., McDonough, J., Miles, J., Storch, P., Kochunarayanan, P., Kalve, E., Hurst, J.,
Sarkar Dasgupta, S., & Burdick, J. (2018). A review of emerging technologies for
remediation of PFASs. Remediation Journal, 28, 101-126.
https://doi.org/10.1002/rem.21553
Salman, M., Gerhard, J. I., Major, D. W., Pironi, P., & Hadden, R. (2015). Remediation
of trichloroethylene-contaminated soils by star technology using vegetable oil
smoldering. Journal of Hazardous Materials, 285, 346-355.
https://doi.org/10.1016/j.jhazmat.2014.11.042
Scholes, G. C., Gerhard, J. I., Grant, G. P., Major, D. W., Vidumsky, J. E., Switzer, C., &
Torero, J. L. (2015). Smoldering Remediation of Coal-Tar-Contaminated Soil:
Pilot Field Tests of STAR. Environmental Science & Technology, 49(24), 1433414342. https://doi.org/10.1021/acs.est.5b03177
Simon, J. A. (2015). Editor's Perspective An In Situ Revelation: First Retard Migration,
Then Treat. Remediation Journal, 25, 1-7.
Solinger, R., Grant, G. P., Scholes, G. C., Murray, C., & Gerhard, J. I. (2020). STARx
Hottpad for smoldering treatment of waste oil sludge: Proof of concept and
sensitivity to key design parameters. Waste Management & Research, 38(5), 554566. https://doi.org/10.1177/0734242X20904430
Switzer, C., Pironi, P., Gerhard, J. I., Rein, G., & Torero, J. L. (2009). Self-Sustaining
Smoldering Combustion: A Novel Remediation Process for Non-Aqueous-Phase
Liquids in Porous Media. Environmental Science & Technology, 43(15), 58715877. https://doi.org/10.1021/es803483s
Switzer, C., Pironi, P., Gerhard, J. I., Rein, G., & Torero, J. L. (2014). Volumetric scaleup of smouldering remediation of contaminated materials [Article]. Journal of
Hazardous Materials, 268, 51-60. https://doi.org/10.1016/j.jhazmat.2013.11.053
Switzer, C., Pironi, P., Rein, G., Torero, J., & Gerhard, J. (2008). Experimental studies of
self-sustaining thermal aquifer remediation (STAR) for non-aqueous phase liquid
(NAPL) sources.
Szilagyi, J. T., Avula, V., & Fry, R. C. (2020). Perfluoroalkyl Substances (PFAS) and
Their Effects on the Placenta, Pregnancy, and Child Development: a Potential
Mechanistic Role for Placental Peroxisome Proliferator–Activated Receptors
(PPARs). Current Environmental Health Reports, 7(3), 222-230.
https://doi.org/10.1007/s40572-020-00279-0
Torero, J. L., Gerhard, J. I., Martins, M. F., Zanoni, M. A. B., Rashwan, T. L., & Brown,
J. K. (2020). Processes defining smouldering combustion: Integrated review and
synthesis. Progress in Energy and Combustion Science, 81, 100869.
https://doi.org/10.1016/j.pecs.2020.100869
USEPA. (2018). Remedial Technology Fact Sheet - Activated Carbon-Based Technology
for In Situ Remediation https://www.epa.gov/remedytech/remedial-technologyfact-sheet-activated-carbon-based-technology-situ-remediation
Verma, S., Varma, R. S., & Nadagouda, M. N. (2021). Remediation and mineralization
processes for per- and polyfluoroalkyl substances (PFAS) in water: A review.

9
Science of The Total Environment, 794.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2021.148987
Wang, F., Shih, K., Lu, X., & Liu, C. (2013). Mineralization Behavior of Fluorine in
Perfluorooctanesulfonate (PFOS) during Thermal Treatment of Lime-Conditioned
Sludge. Environmental Science & Technology, 47(6), 2621-2627.
https://doi.org/10.1021/es305352p
Wang, Y., Longendyke, G., & Katel, S. (2022). PFAS fate and destruction mechanisms
during thermal treatment: a comprehensive review. Environmental Science:
Processes & Impacts.
Watanabe, N., Takemine, S., Yamamoto, K., Haga, Y., & Takata, M. (2016). Residual
organic fluorinated compounds from thermal treatment of PFOA, PFHxA and
PFOS adsorbed onto granular activated carbon (GAC). Journal of Material Cycles
and Waste Management, 18(4), 625-630. https://doi.org/10.1007/s10163-0160532-x
Winchell, L. J., Wells, M. J. M., Ross, J. J., Fonoll, X., Norton, J. W., Kuplicki, S., Khan,
M., & Bell, K. Y. (2022). Per- and Polyfluoroalkyl Substances Presence,
Pathways, and Cycling through Drinking Water and Wastewater Treatment.
Journal of Environmental Engineering, 148(1), 03121003.
https://doi.org/doi:10.1061/(ASCE)EE.1943-7870.0001943
Yamada, T., Taylor, P. H., Buck, R. C., Kaiser, M. A., & Giraud, R. J. (2005). Thermal
degradation of fluorotelomer treated articles and related materials. Chemosphere,
61(7), 974-984. https://doi.org/https://doi.org/10.1016/j.chemosphere.2005.03.025
Zanoni, M. A. B., Torero, J. L., & Gerhard, J. I. (2019). Delineating and explaining the
limits of self-sustained smouldering combustion. Combustion and Flame, 201, 7892. https://doi.org/10.1016/j.combustflame.2018.12.004

10
Chapter 2
2
2.1

Literature Review

Introduction
PFAS has been an emerging group of contaminants since the 1950s when they were

widely used in commercial and industrial products (Buck et al., 2011). In more recent years
this group of chemicals has grown an increasing concern, both for environmental
contamination and human health (Buck et al., 2011; Krafft & Riess, 2015). PFAS are
known for their water and heat resistant properties making them ideal for use in fire fighting
foams, non-stick cookware, and water-repellent clothing (Dorrance et al., 2017).
Contamination from PFAS in the environment typically comes from runoff or leaching at
firefighting training facilities, manufacturing facilities, wastewater treatment plants, and
landfills (Dorrance et al., 2017; Meegoda et al., 2020). The reason PFAS are of concern is
because their properties make them unable to breakdown which increases their persistence
in the environment, leading to difficulties in remediation (Glüge et al., 2020; Ross et al.,
2018). Activated carbon has been the most popular method for treatment of PFAS
contaminated water due to its high adsorption capacity (Crone et al., 2019). A drawback of
using activated carbon for treatment is that spent carbon will require post treatment so that
it can either be destroyed or regenerated for complete destruction of PFAS (Arias Espana
et al., 2015; Dorrance et al., 2017). The most widely used method for treatment of PFAS
contaminated soils has been excavation with either incineration or landfill disposal.
However, due to associated costs and long-term liabilities shaping current restrictions,
landfilling is no longer a viable option (Ross et al., 2018). There are many health concerns
regarding PFAS as it has been linked to various illnesses and cancers (Kwiatkowski et al.,
2020). These growing concerns have resulted in countries adopting more serious
regulations and guidelines which require better PFAS remediation methods to be developed
(Anderko & Pennea, 2020).
Carbon injection is a current in situ method for remediation of aquifers contaminated
with chlorinated volatile organic compounds, petroleum hydrocarbons, polynuclear
aromatics, and pesticides (Davis, 2015). Depending on the size of the carbon and aquifer
characteristics, injection can be done at both high and low pressures, where low pressure
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injection can be used to place the carbon amendments without creating artificial fractures
(USEPA, 2018). This remediation method works by adsorption and destruction where the
activated carbon provides the adsorption component (Fan et al., 2017). Usually, a chemical
or biological additive will be injected along with the activated carbon so that natural
degradation can take place for full remediation of the contaminant (Fan et al., 2017). If
degradation does not take place, carbon will be used to stabilize the contaminant to prevent
migration (USEPA, 2018). Carbon injection has been used with PFAS on a field-scale and
it has shown success with localizing the contaminant and preventing further movement
(McGregor, 2018). However, long term treatment becomes an issue because breakthrough
of the contaminant will occur if no post treatment is performed for full destruction (Carey
et al., 2019).
Smouldering combustion is an available remediation method for in situ and ex situ
treatment of organic hazardous waste in an inert porous matrix (Switzer et al., 2008). This
method of treatment works by first providing a short heating period to a desired ignition
temperature and then supplying a source of oxygen to the reaction so that smouldering can
be initiated (Switzer et al., 2009). Once smouldering is initiated it propagates throughout
the contaminated zone, destroying the contaminants along the way and leaving behind
clean soil once the reaction is exhausted (Pironi et al., 2009). Most work with smouldering
remediation has used the contaminant as the fuel source; however, for contaminants that
are volatile, too low in concentration, or are unable to provide a source of fuel in
themselves, a supplementary source of fuel can be added to support the smouldering
reaction. This has been done with vegetable oil in the case of chlorinated volatile organic
compounds and with GAC in the case of PFAS (Duchesne et al., 2020; Salman et al., 2015).
This chapter provides an overview of the current and applicable literature to provide a basis
to support the potential for carbon microparticle injection to be used with smouldering
combustion for the purpose of treating soil contaminated with PFAS.
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2.2
2.2.1

PFAS Overview
PFAS Properties
Per- and polyfluoroalkyl substances (PFAS) are a group of anthropogenic chemicals

that gained traction in the 1950s due to their large appeal for commercial, industrial, and
military products (Buck et al., 2011; Krafft & Riess, 2015). While their properties have
made them ideal for these commercial and industrial applications, the same properties have
caused numerous adverse environmental and health effects which has resulted in PFAS
being listed as a class of emerging environmental contaminants (Rayne & Forest, 2009).
PFAS are identified as aliphatic substances that contain the perfluoroalkyl moiety -CnF2n+1
within their structure (where n ≥ 1) and have a terminal functional group attached (Glüge
et al., 2020; Li et al., 2020). Many of the properties of PFAS can be attributed to the C-F
bond found in the chemical structure. The backbone of all PFAS contain C-C bonds,
however the hydrogen atoms present in a traditional hydrocarbon C-H bond are either
partially or fully replaced by fluorine atoms (Krafft & Riess, 2015; Li et al., 2020). The CF bond is one of the strongest bonds of organic chemistry causing PFAS substances to be
persistent in the environment (Glüge et al., 2020). Since fluorine has a small atomic size
but strong electronegativity, the -CnF2n+1 moiety causes the PFAS to have certain properties
such as thermal stability, stronger acidity, and higher surface activity at low concentrations
(Wang et al., 2017). A unique feature of PFAS is that they have a hydrophilic and lipophilic
functional group, while their carbon-fluorine chain is hydrophobic and lipophobic. This
allows PFAS to resist water, oil, grease, and dirt as well as collect at soil-groundwater or
groundwater-air interfaces (Ross et al., 2018). PFAS being hydrophobic and lipophobic are
the most desirable properties for use in commercial products and surfactants, however,
these properties are what make PFAS an issue in the environment (Buck et al., 2011). PFAS
being thermally stable, hydrophobic, and lipophobic causes them to be resistant to
traditional forms of environmental remediation. Additionally, they do not break down or
degrade, however, they may partially break down under natural conditions and then
transform into extremely stable products (Wang et al., 2017). Studies have also shown that
since PFAS do not degrade, they will accumulate in the environment over time which has
earned PFAS the unofficial term of “forever chemicals” (Arias Espana et al., 2015; Buck
et al., 2011; Kwiatkowski et al., 2020; Wang et al., 2017).
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The PFAS family of contaminants consist of thousands of different chemicals that
can be further grouped based on their structural similarities. For the purpose of this review,
only non-polymer PFAS will be discussed as these are the family of PFAS that are most
widely studied. The first sub-categorization is perfluoroalkyl and polyfluoroalkyl
substances. Perfluoroalkyl substances are when all the hydrogen atoms in the C-H
backbone chain are replaced by fluorine atoms and polyfluoroalkyl substances are when at
least one hydrogen atom in the C-H backbone is replaced by a fluorine atom (Buck et al.,
2011). Polyfluorinated PFAS are often classified as precursors to perfluoroalkyl acids
(PFAAs), meaning they can break down to form alternate PFAA compounds (Ross et al.,
2018). PFAAs can be further divided based on their functional group. PFAAs that have a
sulfonic functional group (SO3H) are perfluoroalkyl sulfonic acids (PFSAs) where PFAAs
that have a carboxylic functional group (COOH) are perfluorocarboxylic acids (PFCAs)
(Meegoda et al., 2020; Ross et al., 2018; Winchell et al., 2021). It is worth noting that
although there are many PFAS functional groups, PFSAs and PFCAs are the most widely
studied. PFAS can also be further divided based on their carbon chain length. In general, a
long chain perfluoroalkyl chain is one with seven or more carbon chain atoms (Buck et al.,
2011).

The

most

studied

PFAS,

perfluorooctanoic

acid

(PFOA)

and

perfluorooctanesulfonic acid (PFOS) are both long-chain PFAS because they have an
eight-carbon chain with a carboxylic and sulfonic functional group, respectively (Buck et
al., 2011; Ross et al., 2018).
The properties and behaviour of PFAS in the environment differ depending on the
chain length and functional group of the compound (Crownover et al., 2019). For example,
the sorption capacity of PFAS increases with increasing chain length while the solubility
increases with decreasing chain length. This is partially due to the increasing carbon chain
length increasing lipophilicity and hydrophobicity, which in turn increases the adsorption
capacity (Crownover et al., 2019; Meegoda et al., 2020). Additionally, shorter chain PFAS
are more volatile and more mobile in groundwater and soil which means they can easily
transport over great distances (Li et al., 2020; Rahman et al., 2014). These features
contribute to the difficulty of PFAS treatment increasing with decreasing chain length
(Rayne & Forest, 2009; Ross et al., 2018). The functional head group also plays a role for
the adsorption capacity of PFAS as some studies found PFSAs to have a higher adsorption
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capacity when compared to PFCAs (Higgins & Luthy, 2006; Mahinroosta & Senevirathna,
2020).

2.2.2

PFAS Uses
The previous discussed properties of PFAS, particularly their resistance to water,

oil, and thermal degradation are what made the family of chemicals popular for use in
industrial and commercial applications. Some examples of commercial products that are
manufactured using PFAS include carpets, furniture, clothing, and leather due to the water,
grease, and stain repelling features; non-stick cookware, electronics, and various
automotive components due to the ability to reduce friction as well as repel water and oil;
food packaging, paper and cardboard for grease resistance; cosmetics, polishes, and waxes
for water resistant capabilities and to make these products easier to spread; and aqueous
film forming foams (AFFF) which take advantage of the ability to lower aqueous surface
tension and resist thermal degradation (Buck et al., 2011; Dorrance et al., 2017; Glüge et
al., 2020; Krafft & Riess, 2015). The main companies manufacturing PFAS in the past
include 3M, Chemours, DuPont, F2 Chemicals, and Solvay; however, many of these
companies have since begun phasing out the use of long chain PFAS chemicals because of
their environmental and health repercussions (Awad et al., 2011; Glüge et al., 2020). The
alternatives that many of these companies have opted for include the use of other
structurally similar PFAS, shorter chain PFAS, less well known PFAS, or other PFAA
precursors, most of which long lasting effects are still unknown or are currently being
researched (Kwiatkowski et al., 2020; Wang et al., 2017).
One of the most common uses of PFAS, resulting in widespread environmental
contamination is AFFFs. AFFF manufactured with PFAS was widely used beginning in
the 1960s at airports, firefighting training sites, oil rigs, and military bases (Filipovic et al.,
2015; Moody & Field, 2000). The unique thermal stability and water and oil repellency of
PFAS has idealized the use of AFFFs to extinguish flammable liquid fuel fires, particularly
Class B fires involving liquid hydrocarbons (Glüge et al., 2020; Moody & Field, 2000;
Ross et al., 2018). The nature of the use of AFFFs has made it easy for PFAS to directly
enter and contaminate the environment due to the lack of collection systems or pre-
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treatment before discharge (Filipovic et al., 2015). The impact of PFAS contamination will
be further discussed in the following section.

2.2.3

PFAS Contamination
PFAS contamination can come from a variety of both point and non-point sources.

The most common documented sources of PFAS contamination are from sites that use
AFFFs, manufacturing facilities, wastewater treatment plant (WWTP) effluent, and
landfills with the highest concentrations typically being found at and around AFFF sites
(Dorrance et al., 2017; Meegoda et al., 2020). PFAS contamination is a major concern
because many PFAS compounds have been added to Annex B of the Stockholm convention
list of persistent organic pollutants (UNEP, 2009). This means that the family of
compounds require more restrictions since they have been classified as persistent,
bioaccumulative, and toxic (Buck et al., 2011; UNEP, 2009).
PFAS have largely entered the environment due to design flaws in the discharge
systems at these main sources. Containment or post treatment of the PFAS at these sources
was not prioritized, which allowed for easy entry to surrounding soil and water by runoff
and leaching (Meegoda et al., 2020). Solid waste landfills in particular allow for channels
of PFAS exposure in the environment. They release PFAS in leachate through WWTP
discharge, infiltration into soil and groundwater from unlined landfills, and through volatile
gas emissions from the top cover (Meegoda et al., 2020). PFAS concentrations had been
detected at great distances and for long periods of time after source release which led to
the increase of research focusing on levels of PFAS in the environment. Many researchers
focused on PFAS presence and transport in the atmosphere, surface water, and groundwater
(Brusseau et al., 2020). It was concluded that part of the reason for long-term contamination
of PFAS, aside from their non degrading properties, is that soil serves as a significant
environmental reservoir. Meaning, that PFAS will favorably choose to adsorb to soil which
provides a source for groundwater to feed off of, transporting PFAS over long distances
for a long time (Brusseau et al., 2020). PFAS in the environment can transport great
distances from the source which is proved by its detection in remote locations of the
Canadian arctic (Martin et al., 2004).
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Various studies have investigated PFAS contamination seen in the environment
either directly after a release, or years later to help quantify the levels of contamination
seen long term. One study looked at measuring the long term temporal trends of PFAS in
both water and soil after a release from Toronto International Airport and found that
elevated concentrations of PFOS remained noticeable 10 years after the spill (Awad et al.,
2011). This signifies that contamination is not limited to the area surrounding the source,
and without remediation concentrations will remain above regulatory levels. The third
unregulated contaminant monitoring rule (UCMR3) created by the United States
Environmental Protection Agency (USEPA) was used to assess around 30 unregulated
chemicals, including PFAS, to determine if they need further monitoring (USEPA, 2012b).
The data from this assessment determined that concentrations as high as 349 ng/L and 1800
ng/L were detected for PFOA and PFOS, respectively which is well above the USEPA’s
lifetime health advisory of 70 ng/L for both PFOS and PFOA combined (Hu et al., 2016).
The UCMR3 also determined that 72% of PFAS detection was found in groundwater and
the overall concentrations were higher in groundwater compared to surface water, which
emphasizes the ultimate risk PFAS can pose on contamination of water supply (Crone et
al., 2019; Hu et al., 2016).
There are many features that will affect the fate and degree of contamination
experienced in the environment. The chain length of PFAS will play a role in where the
contamination is located. Long chain PFAS are typically found in shallow depth soils,
where short chain PFAS are detected more in soils at increasing depths. However, the
overall concentration of PFAS was found to decrease exponentially with depth leaving the
highest concentration to occur within shallow depths soils (Brusseau et al., 2020). In
addition to chain length, the fate of PFAS in soil depends on many other characteristics
such as soil pH, soil structure, clay content, organic matter content and climate conditions
(Abunada et al., 2020). Adsorption of PFAS to soils can also be influenced by cocontaminants. For example, when PFAS is mixed with non aqueous phase liquid (NAPL)
contaminants, the sorption capacity of PFAS to soils increases (Guelfo & Higgins, 2013).
When looking at contamination of water sources, it was found that long chain PFAS are
found more often in groundwater where short chain PFAS are found more often in surface
water (Hu et al., 2016). This is likely due to a combination of the type of release and the

17
fact that short chain PFAS are typically more mobile (Hu et al., 2016; Li et al., 2020).
Additionally, the compound chain length is a feature that influences air-water interface
adsorption potential. The air-water interface is a main source of retention for PFOA and
PFOS which indicates that longer chain PFAS tend to collect at this interface (Brusseau,
2018). Therefore, the fate and transport of PFAS in soil and water are influenced by many
parameters other than the chain length which makes it difficult for site characterization in
the context of remediation.

2.2.4

PFAS Related Health Concerns
The industrial use of PFAS began in the 1940s – 1950s, however, health effects as

a result of exposure were not identified until 20 years later, although the connection was
only made for those industrial workers who were exposed (Blake & Fenton, 2020). It was
not until the early 2000s where public exposure to PFAS and concerns about their adverse
health effects were taken into consideration (Arias Espana et al., 2015). Bioaccumulative
features of PFAS has raised concern since the half-life of certain PFAS like PFOS was
found to be around 4-5 years for humans (Li et al., 2020; Wang et al., 2015). This gives
time for the concentrations found in the human body to increase which can lead to increased
risk of associated illness and disease.
The major pathways humans can become exposed to PFAS are from inhalation,
intake through consumption, and intake though physical contact with consumption being
the largest source and touch being the smallest source (Meegoda et al., 2020). These
exposure paths can come from contaminated food, drinking water, indoor and outdoor air,
consumer products, house dust, and through mothers breastfeeding infants (Blake &
Fenton, 2020; Kwiatkowski et al., 2020). The highest levels of PFAS in food are found in
fish. However, meat, eggs, and milk may also contain PFAS if the animals have previously
consumed contaminated water or food (Jian et al., 2018; Kwiatkowski et al., 2020). Soil
and root uptake of PFAS can cause fruit and vegetables to become contaminated by PFAS
(Kwiatkowski et al., 2020). When it comes to drinking water, tap water was found to have
higher PFAS concentrations compared to raw and bottled water, which shows that current
municipal water treatment facilities are unsuccessful at treating PFAS from the influent
stream (Jian et al., 2018; Winchell et al., 2021).
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Since PFAS are water-soluble, it allows them to interact with the human body
differently when compared to other organic pollutants. For example, they favourably
interact with tissue and serum proteins which results in them accumulating in the liver,
kidneys, and blood (Meegoda et al., 2020). Additionally, PFAS absorbs quite well once
ingested; once absorbed, they can be distributed from the blood to organs and tissues that
receive high amounts of blood flow (i.e. liver, kidney, lungs, heart, skin, testes, brain, and
spleen) (Kwiatkowski et al., 2020). Most studies have focused on the health effects of longchain PFAS such as PFOA and PFOS with less attention given to short-chain PFAS
(Birnbaum & Grandjean, 2015; Meegoda et al., 2020). Numerous studies to date have
found a link between long-chain PFAS and health effects such as reduced birth weights,
infertility, lower semen quality, early menopause, delayed puberty, high cholesterol levels,
thyroid disease, gestational diabetes, childhood obesity, and preeclampsia (Dorrance et al.,
2017; Kwiatkowski et al., 2020; Li et al., 2020; Szilagyi et al., 2020). The Maternal Infant
Research on Environmental Chemicals study investigated linkages between infant illnesses
and PFAS; the collected data indicated that the development of the fetus during the earlier
stages of pregnancy might be more impressionable to the negative effects of PFAS
compared to the later stages of the pregnancy (Ashley-Martin et al., 2017; Szilagyi et al.,
2020). PFOS and PFOA have also been listed as suspected carcinogens with evidence
linking them to cancers such as kidney, testicular, prostate, bladder, and liver (Blake &
Fenton, 2020; Kwiatkowski et al., 2020). As previously mentioned, many companies have
begun phasing out the use of long-chain PFAS because of their known negative
environmental and health effects. Majority of these companies have begun using shortchain PFAS as a replacement (Kwiatkowski et al., 2020). The long-term effects of these
short-chain PFAS are less studied, however, some evidence has suggested that short-chain
PFAS are equally toxic and are not a safe replacement to long-chain PFAS (Kwiatkowski
et al., 2020).

2.2.5

Existing Regulations
The growing concern of PFAS has resulted in more focus being placed on

regulation surrounding the group of compounds. Currently in Canada, Health Canada has
established guidelines for maximum acceptable concentration (MAC) values for PFOS and
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PFOA in drinking water which are 0.6 μg/L and 0.2 μg/L, respectively (Government of
Canada, 2019). Health Canada has also established drinking water screening values for
other lesser known PFAS such as PFBA, PFBS, PFHxS, PFPeA, PFHxA, PFHpA, PFNA,
6:2 FTS, and 8:2 FTS. The screening values range from 0.02 to 30 μg/L depending on the
level of suspected toxicity and were established using PFOS and PFOA as a benchmark
since little information is known about these nine additional PFAS (Government of
Canada, 2019). The most common guideline used for PFAS is one set by USEPA which
established a health advisory level of 70 parts per trillion (70 ng/L) for both PFOS and
PFOA combined (USEPA, 2016). Currently most regulatory bodies have only proposed
guidelines or advisories on PFAS which are not legally enforceable. PFAS has been
difficult to legally regulate because they are some of the first compounds to be screened at
such low concentrations. They are screened in the parts per trillion range where
contaminants like benzene or trichloroethylene are screened and regulated in the parts per
million or parts per billion range (Meegoda et al., 2020).
Many US states have adapted the USEPA recommendation to establish their own
guidelines. New York became the first state to do this, adopting a maximum contaminant
level (MCL) of 10 parts per trillion for each PFOA and PFOS (Anderko & Pennea, 2020).
Water guideline levels across all states for PFOA and/or PFOS range from 10 to 1000 ng/L
(Abunada et al., 2020). In addition to water guidelines, the European Food Safety Authority
(EFSA) has also recommended a total weekly consumption maximum of 4.4 ng/kg body
weight per week for PFOS, PFOA, PFHxS, and PFNA combined which includes
consumption by both food and water (EFSA, 2020). Many countries are still working on
developing proper guidelines before MCLs can become legally enforceable. In 2019, the
European union set a drinking water MCL of 100 ng/L for the combined total of around 20
PFAS (Winchell et al., 2021). While this is a step forward, the European union is still
missing MCLs for over 4700 PFAS and there are still many countries without proper
enforceable regulations (Winchell et al., 2021).

2.2.6

Remediation of PFAS
To date, there is no known remedial method that can treat PFAS sufficiently and

sustainably for either in situ or ex situ applications (Ross et al., 2018). Selecting an
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appropriate remediation technology for PFAS can be difficult because the treatment of
PFAS comes with many unique challenges. PFAS often do not occur as a single compound
in the environment; they typically occur as groups of varying compounds (Barzen-Hanson
et al., 2017). This presents a challenge since not every remediation option is appropriate
for every type of PFAS. Varying chain lengths and functional groups often require separate
treatment methods (Ross et al., 2018). Additionally, when released in the environment with
other contaminants, certain PFAS may transform into more stable compounds that are more
difficult to treat (Dorrance et al., 2017). If not treated properly, some methods may result
in the generation of other PFAS that are more mobile and therefore more difficult to
remediate (Dorrance et al., 2017). For these reasons, multiple remediation approaches may
need to be implemented in a treatment train approach to effectively eliminate PFAS from
contaminated soils and water (Dorrance et al., 2017; Verma et al., 2021).

2.2.6.1 Water Treatment Methods
Conventional forms of water treatment are ineffective at treating PFAS in source
water. Water treatment methods such as activated sludge, anaerobic digestion, filtration,
coagulation, flocculation, sedimentation, and disinfection used in a treatment train were
only found to reduce PFAS concentrations by 0 – 5%, leaving the treated effluent to have
comparable levels of PFAS as the influent source water (Appleman et al., 2014; Crone et
al., 2019; Li et al., 2020; Winchell et al., 2022). Methods of treatment that have been
successfully used for drinking water treatment include high pressure membranes, ion
exchange resins, and activated carbons (Crone et al., 2019; Ross et al., 2018).
Nanofiltration and reverse osmosis are two types of high-pressure membranes that can filter
out dissolved components of PFAS in water. Reverse osmosis has shown >99% removal
of PFAS of all chain-length sizes, however, this method is not ideal due to the high cost
associated to the high pressures necessary for operation (Appleman et al., 2014; Crone et
al., 2019). Ion exchange resins use ionic interaction, adsorption, agglomeration,
hydrophobic interactions, and functional group interactions in order to treat PFAS in the
influent stream (Crone et al., 2019). Ion exchange resins have the advantage for PFAS
treatment because in recent years, PFAS specific resins have been developed for use (Dixit
et al., 2021). However, the drawbacks of ion exchange treatment are that it is less effective
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for treating PFCAs and the adsorption is non reversible so most resins are limited to one
time uses (Crone et al., 2019). Currently, activated carbon treatment is the most widely
used method to treat PFAS contaminated water (Belkouteb et al., 2020; Ross et al., 2018).
When used at a treatment plant scale, granular activated carbon (GAC) consistently
removed 99% of PFOA and >90% of PFOS (Arias Espana et al., 2015). The benefits of
using GAC are that it is cost effective and can be regenerated (Crone et al., 2019). The
main drawbacks of this method are that it is less effective for short chain PFAS, and that
post treatment is required to treat the PFAS filled carbon (Appleman et al., 2014; Crone et
al., 2019; Li et al., 2020). The properties and mechanisms of activated carbon are important
for understanding this thesis so it will be further discussed in more detail later in this
section.

2.2.6.2 Soil Treatment Methods
Treating PFAS soils in-situ has many additional challenges that are not present for
the treatment of PFAS at water treatment plants. For example, lithological variabilities,
groundwater flow velocities, geochemistry, co-contaminants, and natural organic matter
all need to be taken into consideration if contaminated soils are going to be treated in-situ
(Ross et al., 2018). Conventional treatment methods such as air stripping, soil vapour
extraction, and hydroxyl based chemical oxidation were all proven to be ineffective for
treating both long and short chain PFAS (Mahinroosta & Senevirathna, 2020). Currently,
the most popular method of treatment for PFAS contaminated soils is excavation with
either an offsite landfill disposal or incineration (Ross et al., 2018). Landfill disposal of
contaminated soil is a less desirable option due to the expense and long-term liability,
leaving incineration as the most viable current option for treatment (Ross et al., 2018). The
efficiency of thermal destruction of PFAS depends on parameters such as chain length,
temperature, and time of treatment (Winchell et al., 2021). The details of thermal treatment
will be further discussed later in this section. One current method used in situ is a
containment method where vertical and horizontal barriers are inserted around the
contaminated soil. This does not necessarily remediate the PFAS from the soil but it
prevents further leaching and pollution from leaving the site to prevent further
contamination (Mahinroosta & Senevirathna, 2020).
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2.2.6.3 Activated Carbon as a Remedial Technology
Activated carbon has been a widely used remedial method in groundwater
treatment, most commonly being used in ex-situ reactors and with pump and treat methods
(Georgi et al., 2015; USEPA, 2012a). Activated carbon is a natural occurring material that
is typically made from coal, wood, or nutshells as long as the material is carbon-rich
(USEPA, 2012a). It’s function for remediation relies heavily on adsorption capabilities (Du
et al., 2014). The adsorption capacity of activated carbon depends on the particle size of
the carbon; larger particle sizes will have a weaker adsorption capacity and smaller particle
sizes will have a stronger adsorption capacity (Carey et al., 2019; Du et al., 2014). This
concept remains the same for the adsorption of all organic compounds and industrial
chemicals (Georgi et al., 2015; USEPA, 2012a). Regardless of the particle size, activated
carbon does not have a fixed adsorption capacity. Instead, the adsorption capacity in the
environment is an equilibrium between adsorbed and desorbed phase concentrations and
will depend on the nature and mass of the activated carbon, the hydrophobic and lipophilic
nature of the contaminant, concentration of the contaminant, and presence of other
contaminants and other naturally occurring organic matter (Regenesis, 2018).
While this approach has mainly been used ex-situ, in-situ application of activated
carbon has been gaining traction for the treatment of groundwater contaminated with
chlorinated volatile organic compounds, petroleum hydrocarbons, polynuclear aromatics,
pesticides, and more recently PFAS (Davis, 2015; McGregor, 2018). For in-situ
applications, activated carbon is injected into the subsurface so that a sorption-active
barrier can be created which will retard and prevent the migration of contaminants (Georgi
et al., 2015). Traditional remediation using carbon injection involves both adsorption and
degradation, where activated carbon provides the adsorption component (Fan et al., 2017).
Typically, a co-application of a chemical or biological additive will be used to initiate
degradation of the adsorbed compounds (Ciampi et al., 2019; Fan et al., 2017). If the
compound is unable to be biologically degraded, as in the case with PFAS, the activated
carbon will be used to simply stabilize the contaminant in a local area to prevent its further
spread with groundwater flow (USEPA, 2018). However, the contaminant may break
through once the adsorption capacity is reached so an additional remedial method must be
used for complete long term treatment (USEPA, 2018).
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2.2.6.4 Carbon Adsorption of PFAS
Activated carbon is one of the most popular used adsorbents for water treatment and
has shown wide success in the removal of PFAS to date (Du et al., 2014). The sorption of
PFAS onto activated carbon is a four step procedure: diffusion of the liquid, mass transfer
to the solid, internal diffusion inside the adsorbent to attach onto the site, and either
electrostatic or hydrophobic interactions (Arias Espana et al., 2015). The biggest downside
to using activated carbon is that it is not as effective for use on short-chain PFAS (Li et al.,
2020). Short-chain PFAS are usually more hydrophilic which means they do not adsorb as
well to hydrophobic adsorbents like activated carbon (Li et al., 2020). In addition to chain
length, the functional group will also affect how well the PFAS will adsorb to carbon.
Studies have shown that GAC is much more effective at treating sulfonic functional groups
compared to carboxylic functional groups (Appleman et al., 2014).
The type of activated carbon will also influence the effectiveness of removal. The
adsorption of PFAS onto carbon will depend on the particle size and surface area of the
adsorbent (Du et al., 2014; Rahman et al., 2014). For this reason, powdered activated
carbon (PAC) has a better sorption capacity for PFAS when compared to GAC (Du et al.,
2014; Li et al., 2020; Rahman et al., 2014). This is because GAC has a typical particle size
of around 500 – 1000 μm where PAC has a typical particle size of around 10 – 100 μm
(Carey et al., 2019). The smaller particle size offers shorter internal diffusion distances and
a larger surface area which creates more available sites for PFAS to adsorb to (Li et al.,
2018). One study confirmed this notion as PAC reached adsorbent equilibrium in 3 – 5
hours while GAC took around 48 – 168 hours to do the same (Du et al., 2014). The
adsorption capacities of PFOS and PFOA on GAC were found to be 160 – 226 mg/g and
112 – 161 mg/g, respectively (Du et al., 2014). Comparatively, the adsorption capacities of
PFOS and PFOA on PAC are 374 – 550 mg/g and 175 – 524 mg/g, respectively (Du et al.,
2014). More recently, colloidal activated carbon (CAC) has been investigated for use since
it has a particle size of around 1 – 2 μm which will be able to have a larger adsorption
capacity (Carey et al., 2019). Additionally, CAC can be injected in situ without causing
fracturing, which GAC cannot do and PAC cannot always do (Carey et al., 2019). One field
study applied CAC in situ for the remediation of groundwater. Concentrations of PFOA
and PFOS were both able to be reduced from 3,260 ng/L and 1,450 ng/L, respectively, to
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below 30 ng/L after the treatment period, proving it to be a viable remediation option for
in-situ remediation (McGregor, 2018).
Another issue with using activated carbon is that it will require post treatment.
Usually, incineration or another destruction step is required to properly destroy PFAS that
is adsorbed to the carbon (Arias Espana et al., 2015). Water treatment plants will typically
use incineration; however, no valid method has been used for in situ post treatment
destruction (Arias Espana et al., 2015; Carey et al., 2019).

2.2.6.5 Thermal Destruction of PFAS
Destruction of PFAS is defined as the complete defluorination of the perfluoroalkyl
chain accompanied by the release of fluorine atoms as fluoride or hydrogen fluoride and
carbon dioxide (Horst et al., 2020). Complete defluorination goes beyond the
transformation from pre-cursors to PFAAs and results in the full destruction of the
molecule (Horst et al., 2020). If thermal destruction is not complete it may result in the
production of potentially harmful by-products (Horst et al., 2020). Certain harmful byproducts that can be produced if thermal treatment is incomplete are CF4 and C2F6 which
are strong greenhouse gases (Wang et al., 2013; Watanabe et al., 2016). The global
warming effects of CF4 and C2F6 are 6,500 and 9,200 times greater than the results of CO2,
therefore, it is important to limit their production when considering the use of thermal
treatment for PFAS (Wang et al., 2013).
The temperatures required for thermal destruction of PFAS vary between studies.
One study found that contaminated soils heated to 400°C for 14 days resulted in 99.998%
destruction (Crownover et al., 2019). This study also determined that functional groups
also play a role in the thermal destruction. PFAS with sulfonate functional groups have a
higher boiling point compared to carboxylic functional groups, meaning PFSAs will
require more time to be destroyed thermally (Crownover et al., 2019). The most consistent
finding is that temperatures around 1000°C are required for complete destruction of PFAS
(Winchell et al., 2021). At 1000°C 99.9% destruction of the polymer was recorded whereas
a variety of compounds were formed when PFAS was treated at temperatures between
700°C – 750°C (Yamada et al., 2005). This is consistent with other findings that discovered
that volatile organic fluorine (VOF) production from PFAS decreased with the increase in
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temperature (Watanabe et al., 2016). The VOFs produced for PFOA and PFOA were 13.2%
and 5.9% respectively at 700°C, where VOFs were 0.1% at 1000°C (Watanabe et al.,
2016). The minimum temperatures that resulted in thermal decomposition of PFOA and
PFOS were found to be 150°C and 450°C, respectively (Xiao et al., 2020). However,
temperatures greater than 700°C are required to remove PFAS in a sufficient quantity
(Watanabe et al., 2016). Unfortunately, thermal destruction at this temperature will result
in incomplete mineralization and the formation of potentially harmful by-products so
temperatures greater than 900°C are required to fully destroy and mineralize PFAS
compounds (Duchesne et al., 2020; Major, 2019; Verma et al., 2021; Watanabe et al.,
2016).

2.3
2.3.1

Carbon Injection
Methods of Carbon Injection
How activated carbon is injected into the aquifer depends on the type of carbon

selected and aquifer characteristics (Fan et al., 2017). For GAC and PAC to be injected,
they are first mixed with water and other additives to form a slurry (Fan et al., 2017).
Commercial CAC products such as PlumeStop from Regenesis are available as a premade
stable suspended liquid for the purpose of in-situ injection (Georgi et al., 2015; Regenesis,
2015). Since GAC and PAC have larger particle sizes, their method of injection typically
involves using high pressures (300 to 1000 psi) so that hydraulic fracturing can be
completed to open the formations to be large enough for the addition of these activated
carbons (USEPA, 2018). Low permeability aquifer formations allow for more effective
fracturing which means that GAC and PAC based amendments are best suited for
application in these areas through high pressure direct push injection (Fan et al., 2017).
Since CAC based amendments have much smaller particle sizes, they are suitable for low
pressure injection (30 to 50 psi) through either direct push or permanent injection wells
(USEPA, 2018). Low pressure injection allows the product to be placed in situ without the
need to create artificial fractures and is best suited to permeable formations such as sand
and gravel (USEPA, 2018). However, there have been cases where CAC has been
successfully injected into lower permeability areas using low pressure injection which did
not create any fracturing of the formation (Carey et al., 2019; USEPA, 2018). One issue
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surrounding injection is that subsurface heterogeneities may result in an inconsistent
carbon distribution (Ciampi et al., 2019; Redell et al., 2011). To respond to this issue, one
laboratory study determined that long pulse times (9.5 seconds) of waterjet injection can
be used to deliver PAC consistently in both the vertical and horizontal direction up to 30cm;
however, this method has not been explored extensively at the field scale (Redell et al.,
2011).

2.3.2

Carbon Injection Applications
The application of carbon injection to a contaminated site will depend not only on

the sub surface characteristics and heterogeneity, but the contaminated area characteristics
as well. If the contaminated area is a small well-defined footprint then a grid injection
approach will be used where multiple small injection locations are spaced uniformly in a
grid pattern over the treatment zone (ITRC, 2020; USEPA, 2018). If the contaminated area
is a plume, a barrier system is typically used where activated carbon is injected to form a
perpendicular barrier to capture the contaminant as it flows with groundwater through the
barrier (ITRC, 2020; USEPA, 2018). Currently, grid pattern injection is the most common
application method for delivery of activated carbon (ITRC, 2020). CAC based amendments
are ideal for this configuration since colloids can travel a distance of a few meters around
the injection well which means that a larger area can be treated with a smaller number of
injection points (Georgi et al., 2015).
Success has been shown with the injection of activated carbon to treat various
contaminants at the field scale. Most studies have used the CAC commercial product
PlumeStop for treatment, while few have used PAC based amendments to compare
(Ciampi et al., 2019; McGregor, 2018; McGregor, 2020). Injecting CAC was found to
reduce levels of trichloroethylene (TCE) and perchloroethylene (PCE) by one order of
magnitude in the first month and to levels below detection after 2 years (Ciampi et al.,
2019). Studies with CAC and PFAS showed that 18 months after injection, concentrations
were below detection limits (McGregor, 2018). However, it is predicted that 5.7 years after
injection the concentrations of PFAS will begin to rise again since the compound is not
degraded following carbon trapping (Carey et al., 2019). When comparing PAC to CAC
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based amendments, CAC was better distributed with 93% of post samples collected having
CAC present while 67% post samples collected had PAC present (McGregor, 2020). These
results showed that CAC based amendments have better distribution for greater distances,
however, success in treatment can be achieved using both amendments (McGregor, 2020).
While full-scale success has been seen with remediation through carbon injection,
there are limitations that users should be made aware of when it comes to the effectiveness
of this treatment technology. One of the major concerns is regarding long term
effectiveness (Fan et al., 2017). As seen in the case with PFAS, since the contaminant was
not degraded after treatment by carbon, it would end up breaking through and
contaminating the groundwater years later (Carey et al., 2019). For this reason, it is
suggested to apply post treatment methods when using carbon injection to enhance long
term effectiveness (Simon, 2015). Alternatively, continual injection will be required to
maintain long term treatment and sorption to the carbon sites which can become costly over
time (Carey et al., 2019). Another concern for long term effectiveness is competitive
adsorption (USEPA, 2018). Competitive adsorption happens when compounds that are
stronger adsorbing may displace weaker adsorbing compounds so the weaker compounds
are released and will continue to contaminate the groundwater (USEPA, 2018). There is
currently limited monitoring data to properly asses the true long term effectiveness of this
treatment approach (USEPA, 2018). There are additional concerns regarding carbon
injection that are unrelated to the long-term performance. These concerns are regarding the
monitoring wells of the system. It is noted that when using PAC based amendments with
high pressure injection, there is a chance for the PAC to preferentially fill the monitoring
wells. This filling of carbon from preferential pathways will result in groundwater samples
showing a false reality that appears to be clean when the area is still contaminated (Wilson,
2016). It is suggested to always install new monitoring wells after the injection period is
complete to ensure that the groundwater samples collected are accurately representative
(McGregor, 2020). This issue has only yet been seen with PAC based amendments since
CAC has been injected without any issues of pore clogging or preferential filling (Georgi
et al., 2015; McGregor, 2020).
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2.4
2.4.1

Smoldering Combustion
Smouldering in Porous Solids
Smouldering is a defined as a slow moving, flameless form of combustion that

derives its heat from reactions that occur on the surface of a fuel when exposed to an
oxidizing environment (Ohlemiller, 2002). The beginning work concerning smouldering
was in the context of fires and fire safety; specifically dealing with peat fires (Chen et al.,
2011; Christensen et al., 2020; Rein et al., 2008), wildfires (Carvalho et al., 2002; Rein,
2013), and solid porous fuel beds such as polyurethane (Anderson et al., 2000; Ohlemiller
& Lucca, 1983; Torero & Fernandez-Pello, 1996). All previous work agrees that an
essential characteristic for smouldering combustion is that there must be a porous medium
present to allow sufficient permeability so that oxygen can be supplied in a sufficient
quantity to feed the reacting fuel, and thus support exothermic oxidation (Torero et al.,
2020). A common example of smouldering where the combustible material is the solid
porous medium itself include the glowing embers seen in charcoal barbeque briquettes
(Rein, 2016). Smouldering is thought to be a dangerous fire risk since it can ignite from
heat that is unable to begin a flaming fire and once a smouldering fire has begun, it is
extremely difficult to put out (Ohlemiller, 1984; Torero et al., 2020).
Smouldering combustion differs from flaming based on the phase of the fuel that is
oxidized. For smouldering to occur, oxidization must occur on the solid phase, whereas
oxidation must occur on the gas phase for flaming to occur (Rein, 2016). There have been
studies which investigated the transition from smouldering to flaming (Ohlemiller, 1986;
Tse & Fernandez-Pello, 2001). For smouldering to transition into flaming, it must occur
within the char region and the reaction requires that there be both gases and air within their
limit of flammability, as well as, enough heat for ignition (Ohlemiller, 1986). Transition to
flaming is a feature that is only relevant for porous solid fuels (i.e., fuels that make up the
porous medium themselves). Smouldering systems that consist of condensed fuels
embedded in porous media cannot experience a transition to flaming unless the fuel is semivolatile and it approaches an open boundary (Torero et al., 2020).
Like with transition to flaming, there are other features of smouldering that are
specific to the material being smouldered. Materials for smouldering can typically be
broken into two groups. The first being porous solid fuels (PSFs), which are previously
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mentioned and include textiles (linen, cotton, wool, paper), synthetic materials (plastics,
polyurethane foam), fuels (coal, charcoal, wood), soils (peat, leaves and pine needles)
(Torero et al., 2020). The second group is condensed fuels in inert porous medium (CFIPM)
which include a liquid (coal tar, petroleum hydrocarbons, vegetable oil) or solid (biosolids,
activated carbon, pine bark) fuel contained within a porous medium (Switzer et al., 2009;
Torero et al., 2020). The system of CFIPM can be naturally occurring (in the context of
subsurface contamination), or physically mixed (for the purpose of engineered applied
smouldering) (Rein, 2009; Torero et al., 2020). In traditional smouldering studies CFIPM
present different conditions when compared to PSF. These include different heat
characteristics, lower porosity, lower permeability to air, and higher air flow rates which
reduce buoyancy effects seen with PSF smouldering (Torero et al., 2020). Therefore, it is
important to recognize the materials and system that is being smouldered to better
understand the results and implications of the reaction. However, the foundation principles
and theory of smouldering remain virtually unchanged for both CFIPM and PSFs.
Smouldering in general can be characterized by two main reactions, pyrolysis, and
oxidation. Pyrolysis is an endothermic reaction, and it is the heating that results in chemical
decomposition of solid material which results in the production of char. Oxidation is the
exothermic reaction that occurs when the char reacts with oxygen and forms mainly carbon
dioxide, water, and ash (Rein, 2016). These steps can be explained by the following
equations (Rein, 2016):

Pyrolysis:
𝐹𝑢𝑒𝑙 (𝑠𝑜𝑙𝑖𝑑) + 𝐻𝑒𝑎𝑡 → 𝑃𝑦𝑟𝑜𝑙𝑦𝑧𝑎𝑡𝑒 (𝑔𝑎𝑠) + 𝐶ℎ𝑎𝑟 (𝑠𝑜𝑙𝑖𝑑) + 𝐴𝑠ℎ (𝑠𝑜𝑙𝑖𝑑)
Oxidation:
𝐶ℎ𝑎𝑟 (𝑠𝑜𝑙𝑖𝑑) + 𝑂2 (𝑔𝑎𝑠) → 𝐻𝑒𝑎𝑡 + 𝐶𝑂2 + 𝐻2 𝑂 + 𝑜𝑡ℎ𝑒𝑟 𝑔𝑎𝑠𝑒𝑠 + 𝐴𝑠ℎ (𝑠𝑜𝑙𝑖𝑑)
The smouldering front is the leading edge of temperature increases seen
propagating through the smouldering system and it is used to determine how the reaction
progresses (Yermán et al., 2017). Figure 2.1 is an example from a study on sand-faeces
shouldering which shows the temperature profile at a certain point during smouldering
propagation. Here the front is the temperature increase up to point Tp. The point at which
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the temperature begins to decrease is where the front has ended and the smoulder will carry
into the next zone (Yermán et al., 2017). While this figure is specific to sand-faeces
smouldering, the idea of the temperature profile during propagation can be extended to
other cases of STAR work.

Figure 2.1: Oxygen concentration and temperature profile shown throughout
smouldering zones. Tp is the end of the smouldering front right before entering the
pyrolysis zone (Yermán et al., 2017).
The process of smouldering can be broken down into various phases or zones. Most
work has identified four distinct phases of the smouldering front which are preheating,
evaporation, burning, and char (Rein, 2009). These phases are what allow smouldering
reactions to gain enough heat to ignite and propagate naturally without external energy
input. The first phase is the preheating phase where the fuel in the system begins heating
up to temperatures around 50°C and does not involve large emissions of gas. Above 50°C
(typically around 80°C - 100°C) is when evaporation begins. This phase is more pertinent
when the soil or fuel has a large moisture content (>10% in dry weight). It involves water
boiling out of the system and emitting as water vapour (Rein, 2009, 2016). During this
time, a plateau is seen in the temperatures while the water evaporates from the system. The
duration of the plateau will depend on the distance from the heat source and moisture
content in the system (Yermán et al., 2015). As temperatures continue to increase, the front
will progress into the next phase which is the burning phase. This phase consists of both
pyrolysis and oxidation, and it is where the net heat from the system is released. Pyrolysis
begins once the front has reached temperatures above 200°C - 250°C and absorbs heat by
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converting fuel into volatiles, water vapour, polyaromatic hydrocarbons, and low levels of
CO and CO2 (Rein, 2009). An important by product of pyrolysis is the formation of char
which is the main source of heat in most smouldering processes (Ohlemiller, 2002). When
the front temperature moves past 300°C and a sufficient amount of oxygen is present
through porous medium, oxidation begins and consumes the char and fuel left behind
during pyrolysis and releases heat to the reaction. The peak temperature is experienced
during this phase and the oxygen concentration decreases since it is consumed by the
oxidation reaction (Yermán et al., 2017). This phase is also where most of the CO and CO2
for the reaction is produced (Rein, 2009). However, when the oxygen supply is larger the
reaction will produce more CO2 and when the oxygen supply is smaller, the reaction will
produce more CO as a by product (Rein, 2013). These three phases are sometimes grouped
together when referring to smouldering ignition, which involves the warm-up stage
(preheating, evaporation, pyrolysis) and unsteady smoulder (beginning of oxidation) and
is controlled by external heat flux (Anderson et al., 2000). The final phase of the
smouldering reaction is the char phase. This is where the increasing temperature front has
ended, and the temperatures begin to cool until they reach ambient levels. At this point, the
reaction for the specific area has come to an end, all the fuel has been consumed, and ash
is left behind from the burned char (Rein, 2009). It is important to note that these are the
phases that occur at each individual location in a smouldering system. In other words, these
phases define how the smouldering process progresses on a local scale. Smouldering
propagation, and therefore complete smouldering combustion, is a global reaction that
requires to view the entire system in time and space to understand (Torero et al., 2020).
The concepts of smouldering propagation, particularly self-sustaining smouldering, will be
further discussed in the subsequent sections.

2.4.2

Smouldering Configurations
When discussing smouldering combustion, it is important to discern that there are

two configurations in which smouldering can occur: forward or opposed. In forward
smoulder, the reaction propagation moves in the same direction as the oxygen flow (Torero
& Fernandez-Pello, 1996). In opposed (sometimes called reverse) smouldering, the
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reaction moves in the opposite direction as the oxygen flow (Anderson et al., 2000).
Reverse smouldering is only applicable for PSFs, where forward smouldering can occur in
both PSFs and CFIPMs (Ohlemiller, 2002; Switzer et al., 2009; Torero et al., 2020). For
forward propagation, pyrolysis and oxidation form two separate sub-fronts (Bar-Ilan et al.,
2004a; Torero & Fernandez-Pello, 1996). The reaction begins with the pyrolysis front
which is at the leading end of the front behind the unburned fuel. The oxidation front
follows at the trailing end, where the oxygen concentration is highest (Rein, 2016). For
reverse propagation, since the oxygen flow is opposite to the smoulder front, the oxygen
supply will flow through the unburned fuel first before flowing through the char and
oxidation front (Rein, 2016). This causes pyrolysis and oxidation to overlap and propagate
in one single front (Bar-Ilan et al., 2004b; Torero et al., 1993). In forward smouldering, the
heat and combustion gases released from oxidation flow through the unburned virgin fuel
which results in better drying and preheating. Conversely, in opposed smouldering, the heat
and combustion gases flow through the char and ash which reduces the extent of drying
and pre-heating and an overall weaker smoulder (Rein, 2016). For these reasons, forward
smoulder results in more complete combustion of the fuel (Ohlemiller, 2002) and
propagates more quickly than opposed at the same air velocity (Rein et al., 2007).
Forward and reverse smouldering models are idealized configurations used to
simplify the smouldering environment into a 1D scenario, which is useful for work in
modelling and laboratory experiments. In the natural environment, factors such as fuel
geometry, buoyant flow influences on the supply of oxygen, and geometry of the ignition
source usually play a role on the smouldering reaction forming gradients in multiple
dimensions with the most studied multidimensional affects being in two dimensions
(Ohlemiller, 2002). The smouldering front for most 1D experiments have been depicted as
a line front, however when multidimensional effects are introduced, the front becomes a
radial front due to a vertical and lateral spread (Fernandez-Anez et al., 2017).

2.4.3

Self-Sustaining Smouldering
Under certain conditions, smouldering can be self-sustaining which means that the

smouldering reaction will continue to propagate throughout the contaminated media
without the need for a continual external energy input (Rein, 2016). Self-sustaining
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smouldering can be seen in both PSF and CFIPM fuels so long as the fuel forms a char
once heated to allow the continuation of ignition and propagation throughout the soil matrix
(Rein, 2016). This discussion will be limited to CFIPM fuels as they are more relevant for
the subsequent sections of this review. As previously mentioned, a permeable medium is
required for smouldering to be sustained and this point remains valid for self sustaining
smouldering. This is because the porous matrix provides features to enhance the reaction,
such as a large surface area per unit volume for oxidation to occur on the surface of the
fuel. The matrix also functions as an insulator to reduce heat loss to the external
environment (Pironi et al., 2009).
The essence of self-sustaining smouldering is that when properly ignited, the
reaction will continue to smoulder on its own throughout the system. The reaction will then
self terminate once it has exhausted the contaminant or fuel source in the matrix (Grant et
al., 2016). How this works is once the heat released from oxidation is high enough to
combat the heat consumed during pyrolysis, the reaction is ignited and will continue to heat
and ignite adjacent areas that contain virgin fuel. This transfer of heat into subsequent
matrix areas is known as propagation (Rein, 2009). Upon ignition, heat is transferred
mainly by convection to the virgin fuel beyond the smouldering front (Rein, 2009; Torero
et al., 2020; Yermán et al., 2017). The rate of oxygen supply will control the rate at which
the overall reaction propagates through the matrix, meaning a high oxygen flux will
typically yield a faster smoulder compared to a lower flux (Ohlemiller, 2002; Pironi et al.,
2011; Rein, 2016). However, if the oxygen supply is too low, it will result in the reaction
going extinct (Switzer et al., 2009; Torero et al., 2020). CFIPM systems are relatively
robust as the soil matrix provides insulation to prevent heat loss (Torero et al., 2020).
Therefore, for CFIPM systems of typical conditions, the main factor that limits the
smouldering reaction is the oxidizer flux to the oxidation zone (Gerhard et al., 2020;
Ohlemiller, 1984).
After igniting a self-sustaining smoulder, the temperature-time profiles throughout
the system will cross each other and all reach consistent, equally spaced apart peak
temperatures that have relatively sharp peaks (Figure 2.2) (Pironi et al., 2011; Torero et al.,
2020). The leading edge of the smouldering region can be found by the steepest
temperature rise on the temperature-time profiles which remain at constant velocity as long
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as the soil bed conditions are consistent and the boiling front (due to water or volatiles) is
far away from the smouldering front (Torero et al., 2020). Conversely, for a non-selfsustaining smoulder, the temperature-time profiles can be identified by a continual
decrease of peak temperatures that become broader in nature as they decrease, meaning the
reaction has gone extinct (Figure 2.3) (Pironi et al., 2011). Some conditions that may result
in non-self-sustaining smouldering are insufficient concentration of fuel, or the airflow
supplied to the smouldering zone is too low (Salman et al., 2015; Switzer et al., 2009).

Figure 2.2: Self-sustaining temperature-time profile showing a sequence of
overlapping and consistent peak temperatures (Pironi et al., 2011).

Figure 2.3: Non-self-sustaining temperature-time profile showing a continual
decrease of peak temperatures (Pironi et al., 2011).
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2.5
2.5.1

Self-Sustaining Treatment for Active Remediation (STAR)
Small-Scale Laboratory Experiments
Self-sustaining treatment for active remediation (STAR) is a commercially

available technology that uses smouldering combustion as a basis for remediation. Studies
have proven the success of STAR by performing treatment on soils contaminated with
organic wastes such as volatile and non-volatile non aqueous phase liquids (NAPLs)
(Pironi et al., 2009; Salman et al., 2015; Switzer et al., 2008). These studies have been
conducted at both at laboratory and larger field scales (Grant et al., 2016; Pironi et al.,
2009; Scholes et al., 2015; Switzer et al., 2014).
The set-up of STAR remains virtually identical across all scales. If the test is being
carried out at a laboratory scale it is typically conducted in a stainless steel or quartz column
with a source of heat and air diffuser located at the base of the column (Pironi et al., 2009;
Switzer et al., 2008). The ignition of a test begins with activating the heat source so that
the contaminated soil surrounding the igniter can be heated via conduction, hot air
convection, or radiation (Switzer et al., 2014). The sample is heated until it reaches its
ignition temperature. This ignition temperature will vary amongst fuel type and other
factors (i.e., moisture content). Previous studies involving heavy hydrocarbons mixed with
coarse sand used an ignition temperature of 400°C since it was found to be the minimum
temperature that ensures successful ignition for the selected air flow range (Pironi et al.,
2009; Switzer et al., 2009). However, in a recent study using GAC as the ignition fuel, the
experiment was able to ignite at a lower temperature of 260°C (Duchesne et al., 2020).
Once the sample has reached this temperature, a forced air source is turned on to supply
oxygen to initiate the reaction and the air source is maintained throughout the duration of
the test (Pironi et al., 2009). After the reaction is properly ignited the contaminated fuelsoil mix will experience a sharp increase in temperature. The temperatures will eventually
reach a peak and begin decreasing with time, at this point the ignition source (i.e., the
heater) is shut off and the remainder of the test will continue smouldering in a selfsustaining manner (Pironi et al., 2009; Switzer et al., 2009). Unlike smouldering fires in
the environment, the user has controllability over the smouldering that occurs through
STAR. Continual air supply is what allows the reaction to propagate throughout the
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contaminated zone. Therefore, shutting off the air supply will terminate the reaction and it
will no longer propagate through the system (Grant et al., 2016). The application of STAR
takes advantage of the self-sustainability aspect of smouldering; so if the user does not cut
off the air supply to terminate the reaction it will self terminate once the fuel source has
been consumed and exhausted (Grant et al., 2016). Peak temperatures for STAR also
coincide with typical peak temperatures seen through smouldering in the environment.
Typical peak temperatures are between 450°C and 700°C (Pironi et al., 2009; Rein, 2016).
However, for fuels or contaminants that are dense and energetic, peak temperatures from
smouldering can reach temperatures around and above 1000°C (Duchesne et al., 2020;
Pironi et al., 2009; Rein, 2016). These peak temperatures will last for several minutes while
the contaminant is being destroyed and then slowly decrease to ambient temperature levels
(Switzer et al., 2009).
Gas emissions are monitored throughout STAR tests as an additional way to verify
that a successful smoulder is being carried out for proper contaminant destruction. The gas
emissions that are universal to all smouldering reactions and are commonly monitored are
CO, CO2, and O2. Rising CO and CO2 gases are indication of proper combustion (Grant et
al., 2016; Pironi et al., 2009; Switzer et al., 2009). At the same time, the concentration of
O2 is seen to decrease to indicate that oxygen is being consumed in the oxidative reactions
(Yermán et al., 2017). Some emissions, however, are unique to the smouldering
contaminant. Experiments that employed coal tar concluded that traces of naphthalene,
toluene, and m-xylene were found in the gas emission stream (Switzer et al., 2009). Other
studies noted the potential for dioxin/furan generation if certain chlorinated compounds are
present in the contaminant that is being smouldered (Grant et al., 2016).

2.5.2

Large-Scale Experiments
While most of the work with STAR has been done on a smaller laboratory scale,

there has been advancements with the technology where success with remediation on larger
scales has been demonstrated. When scaling up the bench scale 1000-fold to the pilot field
scale, it was found that smouldering remediation performed well with 97-99.95% of
contaminants destroyed across all scales (Switzer et al., 2014). It was also found that when
working with larger scales, the heat losses at boundaries are less significant, which means
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the experiment becomes more robust with increasing scale size (Gerhard et al., 2020; Pironi
et al., 2011; Switzer et al., 2014; Switzer et al., 2008). For this reason, the minimum
concentration of contaminant or fuel required for self-sustaining smouldering decreases
with size due to the advantage of decreased heat loss with larger scales (Switzer et al.,
2014). This is because larger field scale systems will have a larger perpendicular distance
to the path of smoulder propagation which helps with reducing any heat losses in the system
since heat losses to the smouldering system happen in this direction (Gerhard et al., 2020).
Full field application of STAR are overall more efficient since the larger system provides
a larger thickness of contaminated soil, thus resulting in a generation of more overall
energy (Gerhard et al., 2020).
While there are many benefits and promise with increasing scale of STAR, there
are some features to be made aware of that affect the smouldering results. If performing
STAR on a field scale, there are geological and hydrogeological limitations. The most ideal
soil conditions are those with grain sizes of silty sands to gravel. If soils such as silts or
clays are present, the low permeability may prevent sufficient oxygen from entering the
subsurface and thus prevents the propagation of smouldering (Grant et al., 2016).
Additionally, if the treatment area in the subsurface is below the water table, the
temperatures experienced are expected to be lower than experienced in a laboratory setting
(Scholes et al., 2015). This is because groundwater acts as a heat sink. However, studies
found that groundwater does not provide an obstacle to ignition or propagation of in-situ
applications of STAR since the contaminated areas often release enough energy to initiate
a drying front ahead of the smouldering front (Grant et al., 2016; Scholes et al., 2015).
Heterogeneities of subsurface soils also affect smouldering remediation because increased
heterogeneity can cause irregular air velocity distribution and therefore result in
smouldering to propagate at different rates throughout the matrix (Scholes et al., 2015;
Wang et al., 2021).
The most common commercial application of STAR on a field scale is for the
remediation of complex, long-chain hydrocarbons, such as coal tar (Gerhard et al., 2020;
Grant et al., 2016; Scholes et al., 2015). There are two options for use of field scale
remediation with STAR: in-situ (STAR) and ex-situ (STARx) (Gerhard et al., 2020). Insitu STAR remains virtually the same as laboratory STAR, except both heat and air sources
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are delivered through injection wells (Scholes et al., 2015). STARx involves applying the
principles to lab-scale or in-situ STAR to commercial hottpads to treat excavated
contaminated soil (Solinger et al., 2020). The benefit of this method is that is can be applied
to organic liquids or sludges from lagoons by mixing them with a standard soil (Solinger
et al., 2020). Additionally, if subsurface conditions do not permit in-situ STAR (i.e.,
permeability is too low) then the contaminant can be excavated and mixed with ideal soil
to be treated via STARx (Gerhard et al., 2020; Solinger et al., 2020). This method is also
sustainable as it allows the mixing soil to be reused for other treatments since the treatment
will produce clean soil post-smoulder (Gerhard et al., 2020; Yermán et al., 2017).
One study presented a comparison of in-situ STAR tests at both shallow and deep
locations that have differing subsurface lithology (Scholes et al., 2015). Similar success to
the results seen in laboratory tests have been demonstrated in situ. The temperatures
experienced from the field tests were less consistent compared to results from laboratory
studies.

This

was

largely

attributed

to

the

previously

mentioned

geological/hydrogeological limitations coming into effect by introducing moisture and
heterogeneity (Scholes et al., 2015). The results from post-treatment analysis becomes the
main indicator of STAR success. For the pilot study it was found that 97.3% and 99.3% of
hydrocarbons have been remediated from the deep test and shallow test, respectively,
confirming the success of STAR at full scale (Scholes et al., 2015). One benefit to using
STAR is its sustainability as a full-scale remediation method due to the net positive energy
generated through the smoulder (Gerhard et al., 2020). In essence, the energy created
during the process is more than the heat lost due to sinks and external factors (Gerhard et
al., 2020). The successes exhibited by STAR makes this remediation option ideal for large
scale use as it is more sustainable and cost efficient when compared to traditional methods
such as excavation or incineration while still providing optimal remediation of
contaminants (Hasan et al., 2015).
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2.5.3

Features of STAR
The ideal use of STAR is for field scale applications either on in-situ contaminated

zones or ex-situ with excavated or mixed contaminants. For this reason, it is important to
be aware of the features of STAR and what conditions will lead to a successful smoulder
remediation, particularly when it comes to in-situ applications. The main parameters that
dictate the success of smouldering are contaminant type, contaminant concentration, water
content, air flux, and grain size/geology (Grant et al., 2016; Pironi et al., 2011; Torero et
al., 2020). Not all contaminants are suitable for STAR since not all contaminants can
provide a source of fuel to sustain the reaction. All organic contaminants are combustible;
however, the use of STAR is generally more successful when used on compounds with a
low volatility such as coal tar, creosote, and petroleum hydrocarbons (Grant et al., 2016).
It is also important to be made aware when contaminants are in liquid form and have a low
viscosity, they have the potential for mobility through the system (Kinsman et al., 2017).
However, smouldering behaviour can adjust for liquid mobility and successfully smoulder
with a longer reaction time (Kinsman et al., 2017). Therefore, mobility should not pose a
severe threat to the smoulder success on a field-scale.
For self-sustaining smouldering to carry out, the global energy balance must be net
positive, meaning that the sources to produce heat in the system must outweigh the sinks
in the system (Grant et al., 2016; Torero et al., 2020). These may include energy consumed
during pyrolysis, heat released by oxidation, radial heat losses, and energy entering and
leaving the system (Torero et al., 2020). One source of the global energy balance is the
contaminant concentration, which provides the source of fuel to sustain the reaction. STAR
can only be used successfully once the concentration of the contaminant is higher than the
lower limit of the fuel; each fuel having their own respective lower limit (Gerhard et al.,
2020; Grant et al., 2016; Pironi et al., 2011). If the fuel content is too low, the net global
energy balance can go negative, causing the reaction to go extinct (Zanoni et al., 2019).
The peak temperatures experienced are a feature of the contaminant concentration with
higher peak temperatures being experienced at higher concentrations (Duchesne et al.,
2020; Pironi et al., 2011; Pironi et al., 2009).
In addition to contaminant type and concentration, the water content present in the
media can also affect smouldering results, to the point of too much moisture resulting in
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extinction or a non-self-sustaining smoulder (Rashwan et al., 2016; Yermán et al., 2015).
The concept and issues that moisture present on a field scale was discussed in the previous
section. Although the peak temperatures are typically lower when moisture is present in
the system, successful self sustaining smouldering remediation can still be experienced for
relatively high moisture content. Studies have shown successful STAR applications on
biosolids with 60%-80% moisture present (Rashwan et al., 2016; Yermán et al., 2015). The
robustness of smouldering tests with high moisture content can be increased by supplying
additional fuel to overcome the heat losses generated from the water present and will in
turn result in higher peak temperatures (Rashwan et al., 2016).
Air flux is an additional parameter that smouldering is sensitive to because this
parameter has controllability over the reaction. Since turning off the air supply can cease
the reaction, it also has a large influence over the results of the operations. When reducing
the air flux both the temperature and velocity of the front decreases (Pironi et al., 2011). If
the air flux is reduced too low, it will cause the reaction to go extinct (Zanoni et al., 2019).
Conversely, if the air flux is increased, both the temperature and velocity of the front
increase as well (Yermán et al., 2016). The smouldering velocity increases roughly linearly
with increasing air flux; however, this is not the case with the temperature. When increasing
the air flux, the oxidation reaction rate is sped up resulting in higher heat release to increase
the temperature (Yermán et al., 2016). If the air flux is increased too high, it can result in
a temperature decrease to a certain degree (Gerhard et al., 2020). This is because increasing
the air flux causes an increase of cool gas in the system, which prevents the heat released
from being transferred properly into the soil mixture and instead leaves the system as hot
gas, causing an increased heat loss (Yermán et al., 2016). Therefore, there is an air flow
limit that will produce a maximum peak temperature. Beyond this limit, it will result in a
decreased peak temperature (Gerhard et al., 2020; Yermán et al., 2016).
Geological conditions are the last parameters noted to affect the success of STAR,
particularly mean grain size and heterogeneity. It was found that smouldering is most
successful in coarse to medium sized sand (Grant et al., 2016; Pironi et al., 2011). Larger
grain sizes such as gravel and bricks have shown success but have conditional limitations
that may result in a smaller radius of influence of an ignition well (Grant et al., 2016).
Smaller grain sizes, as previously mentioned, present the largest issue since the grain size
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cannot be too small or else it will not sustain a smouldering reaction due to the inability for
sufficient oxygen delivery (Yermán et al., 2016). Therefore, the ideal range for selfsustaining smouldering is dependent on the ability for the media to allow sufficient air flux
throughout the system. Recent work has discovered that successful smouldering can be
achieved with a fine sand that has a mean grain size diameter of 0.19 mm or greater (Wang
et al., 2021). Besides the mean grain size, heterogeneity of the soil media also presents
limitations for smouldering success. Through lab testing of various heterogeneous
conditions, smouldering was successful on most configurations consisting of fine and
coarse sand patterns. However, a challenging scenario may be when a coarse sand pathway
in the direction of air flow exists within a fine sand layer (Wang et al., 2021). For this
reason it is suggested that heterogeneous layers should be smouldered independently in situ
so that certain layers can avoid experiencing insufficient air flow and differing smouldering
rates (Wang et al., 2021).

2.5.4

Remediation Through STAR
The original work of STAR dealt with the remediation of organic liquid wastes such

as chlorinated solvents, creosote, coal tar, crude oil, and other hydrocarbons (Pironi et al.,
2011; Pironi et al., 2009; Switzer et al., 2009; Switzer et al., 2008). Since these
contaminants are combustible liquids embedded within porous media they serve as ideal
constituents for the use of STAR. These wastes have the ability to carry out smouldering
in a self-sustaining manner resulting in peak temperatures ranging from 537°C to 1140°C
(Pironi et al., 2011; Switzer et al., 2014). The wide temperature range is due to the varying
conditions of the sensitive parameters discussed in the previous section. The use of STAR
on these contaminants have shown remediation success of between 97% to 99.9%
contaminant destruction in the post-analysis soil (Pironi et al., 2011; Switzer et al., 2014).
The use of STAR has since expanded to other fields of remediation. This
technology can be used for the destruction and disposal of biosolids (Fabris et al., 2017;
Rashwan et al., 2016; Yermán et al., 2015). Successful destruction of biosolids through
STAR has been shown by reaching temperatures between 391°C and 657°C, which are
lower than the previously studied fuels (Rashwan et al., 2016). The lower temperatures can
likely be attributed to the high moisture content present in the biosolids, however, the self-
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sustaining nature of the results coupled with the measured mass loss rates indicate that
STAR can successfully be used for the purpose of biosolids destruction (Fabris et al., 2017;
Rashwan et al., 2016; Yermán et al., 2015).
STAR has also been successful at remediating contaminants which cannot in
themselves sustain the reaction by implementing the use of a surrogate fuel. Volatile
organic compounds such as TCE will exhibit non-self-sustaining smouldering on their own
but when supplemented with various vegetable oils, they can smoulder in a self-sustaining
manner (Salman et al., 2015). Peak temperatures for these experiments ranged from 441°C
to 572°C and had the ability to remove TCE due to volatilization (Salman et al., 2015).
More recently, work has been done using GAC as a supplemental fuel to remediate soils
contaminated with PFAS (Duchesne et al., 2020; Major, 2019). Experiments from these
studies were able to reach peak temperatures over 900° when 40 - 60 g GAC/kg soil was
supplied to the contaminated soil mix (Duchesne et al., 2020; Major, 2019). Success of
these tests were proven by the concentration of PFAS in the post-treatment soil being at or
below the detection levels (Duchesne et al., 2020). This shows that while STAR is more
ideal for low volatile organic compounds, the application can be extended to other
contaminant types when supplemented with a fuel source that can carry out a successful
smoulder (Grant et al., 2016).

2.6

Conclusions
PFAS contamination has become a serious problem due to their increasing associated

health concerns. The group of chemicals presents a challenge for treatment because of their
complex structure giving them thermal stability and hydrophobic and lipophobic nature.
The options for remediation to date are either insufficient, expensive, or have not yet been
applied to a field-scale. Concern for PFAS has accelerated the need for more strict
regulations and better remediation methods. Currently, carbon injection of CAC has shown
success in situ with adsorbing PFAS to retard further migration. However, post treatment
of this method will be required to prevent contaminant breakthrough so that this can be a
long-term solution.
STAR is an available remediation method for various organic wastes with most work
treating long-chain hydrocarbons and some work treating chlorinated volatile organic
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compounds. More recently, STAR has been proven to successfully treat soils contaminated
with PFAS when smouldered with GAC as a supplementary fuel. These tests were only
conducted on a lab scale; however, temperatures over 900°C were consistently reached to
prove that PFAS can be properly destroyed through smouldering at this temperature. GAC,
however, is difficult to inject into the subsurface due to its large particle size. PAC and
CAC have both been successfully injected into aquifers, but STAR has never been used
with these carbon microparticles.
This work includes a series of laboratory experiments which evaluate injecting
different types of microparticle carbons to determine if they can be smouldered at
temperatures that are ideal for complete PFAS destruction. Results from these experiments
will provide a first understanding on carbon injection with STAR which will be translated
when moving to larger scale tests. These experiments will function as intermediate work
that is required before moving towards a field scale in situ application of STAR treatment
on PFAS.
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Chapter 3
3
3.1

Carbon Injection to Support In-Situ Smouldering Remediation

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a group of anthropogenic chemicals

that first gained popularity for use during the 1950s, specifically for use in commercial,
industrial, and military products and applications (Blake & Fenton, 2020; Buck et al.,
2011). PFAS are known for their heat and water-resistant properties which is what made
them desirable for use in items like non-stick cookware, waterproof clothing, stain resistant
textiles, food packaging, cosmetics, and aqueous film forming foam (AFFF) (Dorrance et
al., 2017; Glüge et al., 2020). PFAS are aliphatic substances that consist of a carbonfluorine chain backbone attached to a functional group (Krafft & Riess, 2015). The most
popular and well-researched PFAS are perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) which have a sulfonic and carboxylic functional group,
respectively (Buck et al., 2011; Ross et al., 2018). The carbon-fluorine bond is one of the
strongest bonds known in organic chemistry, causing PFAS to be stable and resistant to
degradation (Glüge et al., 2020). Although they do not break down, some longer chain
PFAS may partially degrade under natural conditions and transform into highly stable
perfluoroalkyl acids (PFAAs) (Wang et al., 2017). Since these compounds do not break
down, they will accumulate over time, increasing their levels of contamination if not
properly treated (Kwiatkowski et al., 2020). The chain length of the PFAS will also affect
its properties. Shorter chain PFAS (i.e., a PFAS with a chain length with less than eight
carbons) are more difficult to treat and pose a larger risk for contamination compared to
longer chain PFAS since they are more soluble, less adsorptive, more volatile, and more
mobile in groundwater (Crownover et al., 2019; Li et al., 2020; Meegoda et al., 2020). In
more recent years, PFAS has become of increasing concern since it has been proven to be
a source of long-term contamination of groundwater, surface water, and soil (Arias Espana
et al., 2015; Brusseau et al., 2020).
The main sources of PFAS contamination come from discharge or leaching at
firefighting training sites that have used AFFFs, manufacturing facilities, wastewater
treatment plant (WWTP) effluent, and landfills (Dorrance et al., 2017; Meegoda et al.,
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2020). While many manufacturing companies have voluntarily begun phasing out the use
of PFAS, there are still large concentrations found at the other sites (Awad et al., 2011).
PFAS are now known to cause many negative health effects since they have been linked to
reduced birth weights, thyroid disease, gestational diabetes, and various cancers such as
kidney, testicular, and liver (Dorrance et al., 2017; Kwiatkowski et al., 2020). Currently,
Health Canada has an imposed maximum acceptable concentration of 0.6 μg/L for PFOS
and 0.2 μg/L for PFOA (Government of Canada, 2019). The most common monitoring
level used in North America is, however, one set by the United States Environmental
Protection Agency (USEPA) which is 70 ng/L for both PFOS and PFOA combined
(USEPA, 2016). The need for better regulations has additionally signaled the need for
better remediation practices in place to be able to treat PFAS contaminated soils and waters
(Ross et al., 2018; Winchell et al., 2021).
There is still a current need to develop a remediation method that can treat PFAS
contaminated waters and soils sufficiently and sustainably since the current methods are
either limiting or expensive (Leeson et al., 2021; Ross et al., 2018). For PFAS contaminated
waters, traditional forms of treatment have been found ineffective for removal (Appleman
et al., 2014). One treatment application that has shown a reasonable amount of success is
the use of granular activated carbon (GAC) (Arias Espana et al., 2015). While GAC is able
to remove >90% of both PFOS and PFOA, the drawback is that the GAC must be destroyed
post treatment otherwise the PFAS will remain trapped in the carbon and potentially create
an unwanted waste stream (Arias Espana et al., 2015). For soils contaminated with PFAS,
the most popular method of treatment is excavation and incineration (Ross et al., 2018).
Activated carbon has been recently investigated as an in situ remediation approach for
contaminated soils and groundwater (Georgi et al., 2015). In situ activated carbon treatment
is done through injecting carbon into the subsurface to prevent further migration and to
localize the contaminant through adsorption (USEPA, 2018). Carbon injection can be done
through high pressure injection (300 to 1000 psi) with either GAC or powdered activated
carbon (PAC) which requires creating artificial fractures due to the large particle sizes (500
– 1000 μm for GAC and 10 – 100 μm for PAC) (USEPA, 2018). Colloidal activated carbon
(CAC) has much smaller particle sizes, usually 1-2 μm, so it is able to be injected with low
pressure (30 to 50 psi), allowing the product to be placed without the need to create
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fractures (USEPA, 2018). CAC is also more desirable for use since the smaller particle
sizes allow for it to have the largest adsorption capacity, followed by PAC, and then GAC
(Carey et al., 2019; Du et al., 2014). Past work with lab-made PAC-based amendments
were only able to create injectable solutions up to 15% PAC (Redell et al., 2011). CAC has
been successfully injected for the treatment of PFAS which was able to reduce
concentrations in groundwater samples to below detection limits 18 months after injection
(McGregor, 2018). However, this remediation method functions as a barrier, meaning the
carbon is injected to form perpendicular barriers to capture the contaminant in the
surrounding area and as it flows through with groundwater (ITRC, 2020; Mahinroosta &
Senevirathna, 2020). This has resulted in a long-term problem for in situ PFAS treatment.
Unlike other contaminants that carbon injection is used to treat, PFAS does not biologically
or chemically degrade which means the carbon is only used to retard the migration (Carey
et al., 2019; Fan et al., 2017). This means that while PFAS concentrations in groundwater
were able to be decreased, they will likely eventually break through years later and
concentrations will again increase (Carey et al., 2019). For complete long-term treatment
of PFAS continual injection of carbon will be required, which can be expensive (Carey et
al., 2019). Alternatively, a post-treatment method is needed to fully treat PFAS after
retarding migration (Simon, 2015). However, there has not yet been a proven in-situ posttreatment method that will result in full PFAS destruction.
Another promising method to treat PFAS is through thermal treatment, which has
been done on both PFAS contaminated soil and GAC (Arias Espana et al., 2015;
Crownover et al., 2019). Full destruction of PFAS goes beyond the breakdown of precursors to stable PFAAs and results in the complete defluorination of the perfluoroalkyl
chain (i.e., complete destruction of the molecule) (Horst et al., 2020). If thermal destruction
is not complete, it may result in the production of harmful by-products, such as volatile
organic fluorine (VOF) compounds (Watanabe et al., 2016). The minimum temperatures
that will thermally decompose PFOA and PFOS were found to be 150°C and 450°C,
respectively (Xiao et al., 2020). However, for reasonable destruction, temperatures greater
than 700°C are required (Watanabe et al., 2016). For PFAS to be destroyed with complete
mineralization and without the production of VOFs, temperatures in the range of 900°C 1000°C are required (Duchesne et al., 2020; Major, 2019; Verma et al., 2021; Watanabe et
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al., 2016). However, traditional incinerator facilities are not properly equipped for
treatment of PFAS at this degree because it is energy intensive to maintain these
temperatures and will require continual fuel input making it an expensive treatment
alternative (Arias Espana et al., 2015; Dorrance et al., 2017).
One potential remediation approach that could be used to treat PFAS is smouldering
combustion. Smouldering is flameless form of combustion that derives its heat from
reactions that occur on the surface of a fuel when exposed to an oxidizing environment
(Ohlemiller, 2002). For smouldering to take place it must also be present in a porous
medium so that there is sufficient permeability to allow oxygen to be supplied to feed the
reacting fuel and support the exothermic reaction (Torero et al., 2020). One common
example of smouldering is the glowing embers on a barbecue coal briquette (Rein, 2016).
Smouldering remediation takes advantage of the ability to be self-sustaining. This means
that once ignited, the reaction will continue through the system without the need for an
external energy input (Grant et al., 2016). Reactions through smouldering will convert the
fuel into mainly heat, carbon dioxide, and water (Rein, 2016). Smouldering combustion is
a current commercially available remediation technology known as Self-Sustaining
Treatment for Active Remediation (STAR). STAR has shown success with treating soils
contaminated with hazardous organic waste both in laboratory and full field settings for in
situ and ex situ applications (Grant et al., 2016; Scholes et al., 2015; Solinger et al., 2020;
Switzer et al., 2014). During STAR the reaction will propagate upon ignition as a thin, hot
front in the direction of the oxygen source (Pironi et al., 2009). The reaction will continue
throughout the system, consuming the fuel or contaminant as it propagates, leaving only
clean soil behind (Switzer et al., 2009). One advantage to STAR is the user-controllability
over the test. The reaction will self-terminate once the fuel is exhausted from the system.
However, the user can also shut off the air source to invoke reaction termination, which
prevents further propagation (Grant et al., 2016). STAR has mainly been used to treat dense
hydrocarbons such as crude oil and coal tar, where the contaminant also serves as the fuel
source for the reaction (Pironi et al., 2009; Switzer et al., 2008). However, if the
contaminant is volatile, too low in concentration, or unable to provide a source of fuel in
itself, a supplementary source of fuel, such as vegetable oil or activated carbon, can be
added to support the smouldering reaction (Duchesne et al., 2020; Salman et al., 2015).
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Smouldering remediation has shown success for soils with 60%-80% moisture present
(Rashwan et al., 2016; Yermán et al., 2015) as well as below the water table (Grant et al.,
2016; Scholes et al., 2015) despite the role of moisture as a heat sink. Smouldering has also
shown to be successful in situations experiencing mobility due to the use of a liquid fuel
source. Mobility of liquid fuel during smouldering is a phenomenon that has not been
widely studied, especially in the context of near saturated conditions due to injection
delivery (Kinsman et al., 2017). The most notable feature of mobility in a smouldering
column is through dips and spikes in the temperature curves. This means that the source of
fuel is moving around, resulting in fluctuating temperatures since the fuel is not stable
(Kinsman et al., 2017). Reasoning for this behaviour is caused by downward liquid
migration from the region above draining downward when heated (Kinsman et al., 2017).
Typical peak temperatures in STAR range from 450°C to 700°C but can extend to
temperatures above 1000°C if the fuel is dense and energetic (Duchesne et al., 2020; Pironi
et al., 2009; Rein, 2016; Zanoni et al., 2019).
This study explored the ability to use carbon injection to support STAR, and in
particular, to determine if it can support self-sustaining smouldering with peak
temperatures sufficient for the treatment of PFAS-contaminated soils. Recent work has
identified that GAC in the range of 40 – 60 g/kg can act as a surrogate fuel to reach
temperatures above 900°C with STAR and successfully treat PFAS (Duchesne et al., 2020).
Since GAC cannot be easily injected for in situ application, this study investigated the use
of PAC- and CAC-based liquid carbons, both of which have never been smouldered before.
First, the amount of carbon retained in soil through injection was evaluated to determine if
the concentrations retained are sufficient for smouldering. Smouldering experiments were
then conducted by both injecting carbon into the column and mixing carbon with soil before
smouldering. In situ soil mixing is a well-established engineering practice for the
remediation of contaminated soils, particularly volatile and semi-volatile organic
compounds (La Mori et al., 2010; Siegrist et al., 1995). Therefore, the experiments of this
study consider multiple in-situ application approaches. Additional smouldering
experiments were carried out which investigated the use of emulsified vegetable oil (EVO)
as a secondary supplemental fuel with liquid activated carbon to further support the
reaction. The results are assessed on a temperature basis to ensure that average peak
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temperatures above 900°C. This work provides the necessary intermediate work for
extending STAR as an in-situ method for the treatment of PFAS.

3.2

Experimental Methodology
Investigation for this study was divided into three phases. Phase I evaluated the

ability for CAC- and PAC-based liquid carbons to be injected into porous media. This
phase also assessed the amount of carbon that could be retained within the media post
injection to determine if these carbons are suitable for smouldering treatment after injection
delivery. Phase II conducted smouldering tests using both injection and mixing methods to
evaluate the peak temperatures achieved on the liquid carbons assessed in Phase I. Phase
III conducted smouldering tests that used EVO with carbon to consider the effect that an
additional surrogate fuel may have on peak temperatures achieved.

3.2.1

Materials
WP#2 coarse silica sand (K&E Sand and Gravel, mean grain diameter = 1.8 mm,

round to sub angular in shape) was used for all Phase I column experiments. An imitated
field soil, based on experiments conducted by Duchesne et al., 2020, was employed for
Phase II and Phase III smouldering tests. The imitated soil was created to be a poorly graded
mix with a controlled grain size distribution (mean grain diameter = 0.81 mm, coefficient
of uniformity = 2.9) and 3% organic fraction. The soil mix was comprised of 44% coarse
silica sand, 50% medium sand (1240S, mean grain diameter = 0.50 mm, Bell & Mackenzie
Co.), and 6% (dry wt %) black top soil (Fisher’s Landscaping, London Ontario). The top
soil was homogonized by removing grain sizes larger than 12.5 mm before mixing with the
other soils. A standard commericial mixer (KitchenAid) was used to combine the soils until
visually homogenous (approximately five minutes). An approximate grain size distribution
curve for the imitated soil can be found in Appendix A.
Two liquid activated carbons (Table 3.1) were selected to be used for all three
phases, one CAC-based and one PAC-based. The activation properties of the carbons,
however, are not necessary to support the experiments of the thesis. The most desirable
features of these carbons are their small particle sizes and ability to act as a source of fuel.
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The CAC solution (particle size ≤ 2.5 μm, measured density = 1.2 g/cm3) was
provided by Regenesis (California, USA) and loss on ignition (LOI) method was performed
which determined that the CAC solution was approximately 66% water (ASTM D221610) and 34% activated carbon (ASTM D5832-98). It is assumed that a small portion of the
66% water includes undisclosed stabilizing additives to keep the carbon particles in
suspension. This solution was used at a 1:1 (CAC solution: water) dilution, 2:1 dilution,
and at full concentration.
A PAC solution was created based on a lab-created solution (Liu et al., 2020). This
solution was adapted to increase the overall carbon concentration in the mix to be
comparable to the commercial CAC solution. The PAC solution was created using water,
polyDADMAC (density = 1.1 g/cm3; dynamic viscosity = 1000 – 3000 cps; composition =
40% PolyDADMAC, 60% water) provided by G2O Technologies (Texas, USA), and
powdered activated carbon (mean particle size = 149 μm) purchased from Sigma-Aldrich
Canada Co. (Ontario, Canada). Two PAC solutions were created as a comparison to the
concentrations of the CAC solution as a 1:1 and 2:1 dilution. The 1:1 comparable PAC
solution was created by combining 207 g PAC + 20.7 g PolyDADMAC solution/L water,
which created a 17% carbon solution (density = 1.01 g/cm3). The amount of water
combined included the amount of water in the PolyDADMAC solution and distilled water
was used to balance the rest of the water required. The 2:1 comparable PAC solution was
created by combining 297 g PAC + 29.7 g PolyDADMAC solution/L water, which created
a 22.7% carbon solution (density = 1.03 g/cm3). The components were mixed by physical
shaking until the PAC appeared to be well mixed and a homogeneous aqueous solution
was created. The solution was then sonicated in a Fisher Scientific FS-20 tabletop
ultrasonic cleaner for 24 h. Sonication was used to break down the size of PAC and aid in
the formation of a stable solution (Liu et al., 2020).
The stability of the solutions was evaluated using UV photospectrometry (Hach DR
5000 spectrophotometer) to determine the settling period of the carbon particles (Appendix
B). It was found that in two hours, the CAC solution will settle by 3.3% and the 17% and
22.7% PAC solutions will settle by 35% and 37%, respectively. This means that all
solutions must be continually mixed during the injection period to ensure homogenity and
prevent settling of the carbon particles.
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For Phase III experiments, the EVO Newman Zone 55 (density = 0.98 g/cm3;
composition =>55% soybean oil, 4% sodium-L-lactate, <10% emulsifiers, balance water)
was provided by Geosyntec Consultants (Ontario, Canada). This is an industry grade EVO
that is used for in situ treatment of groundwater contaminated with chlorinated solvents,
nitrated explosives, toxic metals, perchlorate, and nitrate (RNAS, n.d.). Newman Zone 55
is applied in situ through direct push injections and injection wells making it feasible of
use in addition to CAC and PAC (RNAS, n.d.).

3.2.2

Experimental Set-up and Procedure
Phase I experiments were conducted using a standard benchtop column injection

method (Liu et al., 2020). A glass column with the dimensions of 5 cm inner diameter and
27 cm height was filled with 8 – 16 mesh coarse silica sand (Figure 3.1). Silica sand was
used for these tests to determine the carbon concentration delivered alone, unaffected by
organic content. Carbon solutions were prepared and placed on a magnetic mixer at
medium speed throughout the injection to prevent settling. The solution was injected using
a peristaltic pump (Masterflex L/S Easy-Load II model 77200-62) at a flow rate of 5
mL/min for 2 PV. 2 PV was selected as it was found to create a steady state concentration
condition where the concentration of carbon solution entering the system was the same
concentration that was leaving the system. This ensured that an even distribution of carbon
would be delivered throughout the height of the media. Once fully injected, the entire
column was excavated and loss on ignition (LOI) was performed to determine the
concentration of carbon retained after injection. LOI is a common method for determining
the organic matter in soil but does not yet have a standard procedure and will depend on
the type of organic material present (Hoogsteen et al., 2015). For this reason, ASTM
D2216-10 was adapted for moisture content and ASTM D5832-98 was adapted to
determine the carbon content. Six samples (approximately 5 g each) across the hieght of
the column were selected for LOI analysis to ensure that the carbon retained is relatively
uniform. Samples were first placed in an oven at 105°C for 24 h and the moisture content
was recorded. The dry samples were then placed in a muffle furnace at 950°C for 1 h and
the amount of carbon was calculated on a mass loss approach. The average carbon
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concentration was taken as the most important parameter for these results since it gives the
best insight to how the system will smoulder.

Figure 3.1: Schematic of Phase I benchtop glass column experimental setup
including injection and overflow systems.
Phase II and III experiments were conducted following a standard smouldering
procedure that has been well documented and carried out in numerous previous studies
(Pironi et al., 2011; Pironi et al., 2009; Switzer et al., 2009). The smouldering setup (Figure
3.2) consisted of a support base to keep the column and heater lifted, a cone heater (5000
W, 240 V, Fire Testing Technology Ltd.), and an 11 cm inner diameter, 91 cm total height
stainless-steel column. 5 cm thick insulation was used around the column to limit heat
losses. The cone heater, located at the bottom of the column was used to radiatively heat
the column through a quartz window plate (Esco Products Inc.). Fourteen horizontal
thermocouples (TCs) (Inconel sheath, type K, Omega Ltd.) were placed at 3.0 cm intervals
throughout the centreline of the column. Four TCs were placed at 6 cm intervals throughout
the clean sand cap directly above the fuel filled soil. Two TCs were placed 3 cm and 6 cm
from the top of the column to monitor the temperature of the air. A column extender was
also added to the top of the column to prevent the liquid carbon from splashing out of the
system in the event it was highly mobile.
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This standard set-up was further adapted to involve injection of the fuel source
which is an application that has not been widely explored with STAR to date. For injection
tests a similar procedure as used for Phase I experiments is followed to deliver carbon to
the column. However, due to the larger scale, an injection rate of 50.7 mL/min was used.
The column was prepacked with the imitated field soil to a height of 42 cm. Imitated field
soil with a small organic fraction (3%) was used; This soil mix is more representative of
in-situ soil conditions. Carbon was delivered into the column through a bottom port,
following injection method protocol. Injection delivery with smouldering, however, was
only used with the CAC-based solutions (experiments II-1 and II-2). Phase II experiments
using the PAC solutions (experiments II-3 and II-4) and all Phase III experiments (III-1 to
III-6) use mixing to deliver the content to the column to additionally consider the possibility
of an in-situ soil mixing alternative. These experiments used a standard commercial mixer
to combine the desired fuel concentrations with the imitated field soil until the mixture
appeared to be homogeneous (approximately five minutes). The homogeneous mix was
then loaded into the column to be smouldered. Since experiments II-3 and II-4 were not
injected into the smouldering column, the results from Phase I experiments were used to
determine the carbon concentration that could be mixed to mimic an injection scenario so
that results could be directly compared.
After loading the column with the carbon-soil mix (either through injection or
physically mixing), a clean coarse sand layer (24 cm) was placed on top. If smouldering
occurs in this region, it will help identify if there is any upward liquid migration of the fuel.
An air diffuser was connected to the bottom of the column which delivered compressed
house air supply. Temperature data was recorded every two seconds by a data logger
(Multifunction Switch/Measure Unit 34980A, Agilent Technologies) connected to the TCs
and a computer. A standard ignition procedure was used for all smouldering tests (Switzer
et al., 2009). After the heater was turned on, the temperatures of the thermocouples were
monitored until the desired ignition temperature was reached. These experiments used
400°C achieved at the second TC as representing ignition of smouldering. Once the ignition
temperature was reached, a selected air supply of 2 cm/s was used to deliver oxygen to the
reaction. This air flow was maintained for the duration of the test until completion. The
heater was turned off once the second TC reached its peak temperature and the experiment

63
could continue propagating in a self-sustaining manner. The rate at which each
smouldering test propagated was calculated from the temperature profiles recorded. The
smouldering velocity was calculated from the time between two consecutive
thermocouples (with a known distance between) to reach the same temperature (Switzer et
al., 2009). For these experiments, the average velocity was taken for each test to reach
500°C, 600°C, and 700°C. The results were mainly assessed on a temperature profile basis
to ensure success was achieved. The uncertainty in results achieved for each experiment
were calculated and reported with 95% confidence intervals.

Figure 3.2: Schematic of smouldering setup including injection system. For
smouldering mix tests the injection system is removed.

3.3
3.3.1

Results and Discussion
Glass Column Injections
Triplicates were carried out for each experiment. The average carbon concentration

values were taken from the average of each triplicate set for each experiment. Experiment
I-1, I-2, and I-3 (CAC experiments) achieved results of 42.81 ± 2.24, 59.08 ± 2.36, and
87.78 ± 9.76 g carbon/kg sand, respectively. PAC experiments I-3 and I-4 achieved results
of 45.71 ± 4.01 and 53.39 ± 3.48 g carbon/kg sand, respectively. A 95% confidence interval
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was applied to each experimental average to represent the uncertainty found among repeats.
Further details on the uncertainty for each Phase 1 test can be found in Appendix D.
Experiments using CAC-based solutions (Table 3.1) (experiment I-1 to I-3) were found to
be repeatable with relatively even distributions of carbon along the height of the column.
Tests using the lab-made PAC-based alternative (Table 3.1) (experiment I-4 and I-5)
showed repeatable results, however, there was a more noticeable trend that higher carbon
concentrations would accumulate at the bottom of the column and slightly lower
concentrations were found at higher locations. It is suspected that when smouldering fully
saturated columns with a liquid fuel, there will be influences from liquid mobility (Kinsman
et al., 2017). Meaning, it is unlikely that the carbon will stay exactly in place at every
location in the column during smouldering like it does when physically mixing solid fuels
(Duchesne et al., 2020; Wang et al., 2021). In all repeat experiments, averages were found
to be closely similar which means that injecting these carbon solutions will yield repeatable
results.
The confirmed triplicate repeatability provides confidence that these concentrations
are the values that will consistently be achieved through injection delivery. Details on each
individual test can be found in Appendix C. Results show that for both cases of CAC and
PAC solutions, the amount of carbon retained in the column increases approximately
linearly with the increase of carbon found in the injected solution (Figure 3.3). This trend
is found to apply to the results of experiments I-1 to I-5, meaning that the same linear
relationship can be used for both CAC and PAC solutions. This confirms that the lab-made
PAC solution can be used as a comparable alternative for the CAC solution since it can
deliver approximately the same amount of carbon concentration through injection as long
as the same percent of carbon is in the solution being injected. The linear relationship can
also be used for other applications to determine the percent of carbon required in the
injected solution to be able to reach desirable retained carbon concentrations in soil.
According to previous work using GAC, the ideal carbon concentration range is 40
– 60 g carbon/kg sand to reach temperatures >900°C to destroy PFAS through smouldering
(Duchesne et al., 2020; Major, 2019). Extending this to the column injection results shows
that experiments I-1, I-2, I-4, and I-5 fall within this ideal range (CAC and PAC tests with
17% and 22.7% carbon solutions). Experiment I-3 achieved a retained carbon
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concentration of 87.78 ± 9.76 g carbon/kg sand. While this is approximately 28 – 48 g/kg
higher than the desired range, it shows that results with STAR can be enhanced, should a
higher carbon concentration be required.
Table 3.1: Carbon Solution Compositions and Injection Results
Carbon
Content
Experiment

Carbon Dilution
Type

Factor

%

%

%

Density Retained

Water Carbon PolyDADMAC (g/cm3)

in
Column
(g/kg)

I-1

CAC

1:1

83a

17

0

1.02

42.81 ±
2.24

I-2

CAC

2:1

77.3a

22.7

0

1.05

59.08 ±
2.36

I-3

CAC

No

66a

34

0

1.20

Dilution
I-4

PAC

1:1

87.78 ±
9.76

82.3c

17

0.7b

1.01

45.71 ±
4.01

I-5

PAC

2:1

76.4c

22.7

0.9b

1.03

53.39 ±
3.48

a

This value represents both water and undisclosed stabilizing agents

b

This value is the solid portion of the true PolyDADMAC added to the solution

c

This value includes both the water of the PolyDADMAC solution and distilled water
added for balance
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Figure 3.3: Amount of carbon retained in the column after injection compared to
the % of carbon in the injected solution. Linear trendline shown for both CAC and
PAC scenarios.

3.3.2

Smouldering

3.3.2.1 Carbon Solution Comparisons
The results from the column injections show that the desired range of carbon can
be achieved through solutions that are 17% and 22.7% carbon. These solutions were
therefore used for the subsequent smouldering tests. The triplicates of experiments II-1, II2, and II-3 (Table 3.2) all produce consistent results, meaning that smouldering with CAC
and PAC solutions is repeatable through both injection and soil mixing.
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Table 3.2: Carbon Solution Comparison Smouldering Results
Approximate

Experiment

Carbon
Type

% Carbon

Material

in

Delivery

Solution

Method

Carbon

Average

Average

Concentration

Peak

Propagation

in Column

Temperature

Velocity

(g carbon/kg

(°C)

(cm/min)

42.81 ± 2.24

918 ± 33a

0.55 ± 0.04

a

0.69 ± 0.35

soil)
II-1

CAC

17

Injection

II-2

CAC

22.7

Injection

59.08 ± 2.36

931 ± 29

II-3

PAC

17

Soil

45.71 ± 4.01

880 ± 23a

0.37 ± 0.06

53.39 ± 3.48

922 ± 35b

0.47 ± 0.01

Mixing
II-4

PAC

22.7

Soil
Mixing

a

Average value found from triplicate experiment repeat data

b

Average value found from data in one single experiment

The success of the tests was determined based on the temperature profiles and
visual inspection of the post-smoulder soil. The average peak temperatures for experiments
II-1, II-2, II-3, and II-4 are 918 ± 33°C, 931 ± 29°C, 880 ± 23°C, and 922 ± 35°,
respectively (Table 3.2). Uncertainty details for Phase 2 experiments are shown in
Appendix E. The average smouldering velocities for experiments II-1, II-2, II-3, and II-4
are 0.55 ± 0.04, 0.69 ± 0.35, 0.37 ± 0.06, and 0.47 ± 0.01 cm/min, respectively. The postsmoulder soil (Appendix F) appeared to be clean and free of carbon throughout the height
of the column, visually proving the success of this treatment method. There appeared to be
a colour change of the soil from a brownish yellow to a reddish orange colour after
smouldering. This has been seen in previous studies and it can be attributed to the oxidation
of the naturally occurring iron in the sand (Switzer et al., 2009; Switzer et al., 2008).
Results from this phase show that self-sustaining behaviour was exhibited by each
experiment. An example time-temperature plot is shown in Figure 3.4. The remaining timetemperature plots for the experiments, including triplicates, are shown in Appendix G. All
cases showed a strong ignition, determined by a high sharp initial peak, and this behaviour
continued throughout the rest of the contaminated soil zone. Each temperature profile
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followed the same approximate temperature-time slope and achieved relatively consistent
peak temperatures to further show that the behaviour of the tests holds true to the nature of
a self-sustaining smoulder (Kinsman et al., 2017; Pironi et al., 2011). After turning off the
heater, the reaction took between 72 – 130 minutes to propagate through the length of the
contaminated media in the column (TC 14 = 42 cm). The difference in time is a result of
the amount of water in the system. The experiments with more water (experiment II-1 and
II-3) took a longer duration due to the larger leading drying front experienced during
propagation.
Experiments experienced additional features, such as mobility which were seen
through the peaks and dips in the time-temperature plots (Figure 3.4). Additionally,
smouldering was seen to occur at multiple locations at the same time in the column,
indicating the occurrence of re-ignition due to downwards liquid mobility. These effects
were expected since a mobile liquid fuel was selected. Despite the features of high-water
content and liquid mobility, the results prove that consistent smouldering, with
temperatures > 900°C, can still be achieved. The movement in the column does not affect
the consistency of the peak temperature values achieved, allowing the average peak value
to remain a reasonable representation of temperatures achieved throughout documented
smouldered region. Features of mobility in the experiments are further detailed in
Appendix H.
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Figure 3.4: Smouldering thermocouple profile data for Experiment II-1 (17%
carbon CAC solution injected, 2 cm/s air flux).
The results show that for the four experiments conducted in this phase, a weak
linear correlation exists between the carbon concentration delivered to the column and
average peak temperatures achieved (Figure 3.5). The findings indicate that for both CAC
and PAC solutions, a higher carbon concentration will result in higher temperatures,
however, this trend is not experienced as strongly correlative as it has been in previous
studies using soils contaminated by coal tar, crude oil and more recently, soils mixed with
GAC (Duchesne et al., 2020; Pironi et al., 2011). It has not been previously determined if
a strong linear trend will still exist if there is moisture present (17 - 21% moisture content
for carbon solutions ranging from 77.3% - 83% water content). Moisture content
calculations for Phase 2 experiments are shown in Appendix I. Moisture has been identified
as a heat sink to peak temperatures, however, the exploration of water content effects on
smouldering with activated carbon has been limited and not yet well studied (Pironi et al.,
2011; Yermán et al., 2015). These results determine that a similar relationship exists when
moisture is present, and although the correlation is not as strong as previous findings, there
still exists an opportunity for user controllability over the test results. Uncertainty for the
results is reported for both the concentration and temperature since the exact concentration
delivered to the column through injection is unknown and is reported as an approximation
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from the Phase 1 column injection results. While the results for CAC- and PAC-based
solutions appear to be closely similar, it is observed that the PAC solution achieved slightly
lower average peak temperatures compared to the CAC alternative.
For the purpose of this work, it is important to identify which range will confidently
achieve temperatures above 900°C. Experiment II-1, II-2, and II-4 all achieved
temperatures > 900°C, where only experiment II-3, using 17% PAC, did not achieve an
average peak temperature larger than 900°C. Although experiment II-1, 17% CAC, had the
same amount of carbon present, it was able to achieve the target temperature goal. This is
likely because the smaller surface area of CAC contributed to a stronger reaction rate. For
simplicity and certainty, the carbon concentration selected for use on PFAS-contaminated
soil must be larger than 45 g carbon/kg sand, ideally around a minimum goal of 50 g
carbon/kg sand, to ensure the destruction temperature is reached. 50 g carbon/kg sand is
likely to be a sufficient carbon concentration that can be applied with either CAC- or PACbased solutions. This value is also consistent with previously determined carbon
concentration ranges established using GAC as a surrogate fuel (Duchesne et al., 2020). To
achieve this result from injection, the carbon solution used must contain at least 20%
carbon, as determined from Figure 3.3.

Figure 3.5:Approximate carbon concentration compared to average peak
temperature experienced. A weak linear correlation is shown.
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Figure 3.6 illustrates that there is a strong positive correlation found between the
concentration of carbon and the smouldering velocity. This relationship is found to be
independent of the carbon type which is likely due to the size of the carbon particles. CAC
has a smaller particle size and larger surface area which may increase the reaction rate and
therefore increases the speed of smouldering propagation which can also result in the
increased temperatures of CAC compared to PAC seen in Figure 3.5 (Huang et al., 2009).
The main consistent finding is that the smouldering velocity increases with a higher carbon
concentration which means that when there is more fuel present, it can be consumed at a
faster rate. The smouldering velocities for the experiments were all repeatable and within
reasonable uncertainties of each other. Experiment II-2 had the largest uncertainty which
can be attributed to the higher amount of carbon present and high mobility affecting the
front propagation.

Figure 3.6: Relationship between carbon concentration and smouldering velocity in
Phase 2 experiments.
Comparing these results from previous work with GAC reveal that past work
experienced stronger linear trends compared to the CAC- and PAC- based carbon solutions.
The average peak temperature results achieved in this study are lower compared to past
work with GAC. Two reasons for this are that there is moisture present acting as a heat
sink and a lower air flux was used. Previous work used air fluxes ranging from 2.5 – 7.5
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cm/s (Duchesne et al., 2020). 2 cm/s was selected for this study since it was found to be
sufficient, and it is more comparable to air flux values used for field-scale treatment
(Scholes et al., 2015). The lower air flux results in both lower temperatures and
smouldering velocities, as proven by previous studies (Yermán et al., 2016; Zanoni et al.,
2019). The results achieved from Phase 2 of this study provide a more realistic
representation of the smouldering conditions that will be experienced on a field test due to
using an in-situ applicable fuel source and using an air flux that is within the capabilities
of field equipment. Appendix J provides further details for the comparison of the tests.

3.3.2.2 EVO as an Additional Supplementary Fuel
EVO was investigated for use in addition to carbon solutions to evaluate its
potential for use as a secondary surrogate fuel for treating PFAS. EVO is an injectable fuel
that has been used for a wide array of remediation approaches and it has shown success
through smouldering in past studies (RNAS, n.d.; Salman et al., 2015). Results from Phase
2 experiments determined that a carbon concentration of 50 g/kg sand is required for the
treatment of PFAS. Phase 3 experiments (Table 3.3) were conducted using a soil mixing
delivery approach. Two base case experiments were first performed to evaluate the
smouldering of both EVO and CAC alone at a concentration of 50 g carbon/kg sand. Four
experiments were conducted using different ratios of EVO and CAC solution to achieve
50 g carbon/kg sand. One final experiment was conducted using the PAC solution and EVO
to determine if similar results can be achieved with a different carbon source.
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Table 3.3: Carbon and EVO Smouldering Results

Type of
Experiment

Carbon

Carbon
Microparticle

EVO

Solution

(g/kg)

Used

(g/kg)

Average Peak
Temperature
(°C)

Average
Propagation
Velocity
(cm/min)

III-1

CAC

50

0

1073 ± 15

0.62 ± 0.14

III-2

N/A

0

50

695 ± 41

0.90 ± 0.09

III-3

CAC

25

25

1096 ± 29

0.77 ± 0.00

III-4

CAC

40

10

1215 ± 34

0.71 ± 0.02

III-5

CAC

15

35

886 ± 28

0.89 ± 0.02

III-6

CAC

10

40

824 ± 46

0.85 ± 0.02

III-7

PAC

25

25

932 ± 28

0.91 ± 0.06

The base case experiments (III-1 and III-2) show that for the same amount of fuel,
CAC experiences higher peak temperatures during smouldering (Appendix K). At a fuel
ratio of 50 g/kg sand, CAC experienced an average peak temperature of 1073 ± 15°C,
where EVO experienced an average peak temperature of 695 ± 41°C. Uncertainty data for
Phase 3 experiments can be found in Appendix L. The results illustrate that the CAC
solution experiences a stronger smoulder on its own compared to EVO. Therefore, EVO
cannot be used on its own at this concentration for treating PFAS. However, EVO still
demonstrates a successful smoulder which can be beneficial as a secondary fuel source
when used in conjunction with carbon.
Experiments III-3, III-4, III-5, and III-6 were conducted to evaluate the
smouldering success when using EVO and CAC as two combining surrogate fuels. The
results show that while all experiments delivered a reasonably consistent smoulder with
clean sand upon post-smoulder visual inspection (Appendix M), not all experiments
delivered results with average peak temperatures above 900°C. Experiments where the
amount of CAC was equal to or greater than the amount of EVO showed the greatest
success. Experiment III-3 (25 g CAC + 25 g EVO/kg sand) (Figure 3.7) resulted in an
average peak temperature of 1096 ± 29°C and experiment III-4 (40 g CAC + 10 g EVO/kg
sand) resulted in an average peak temperature of 1215 ± 34°C. Time- temperature curves
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for all phase 3 experiments can be found in Appendix K. These results show that EVO can
be used as a supplementary fuel with CAC to reach desirable PFAS-destroying
temperatures. This means that the amount of CAC can be lowered, and desirable peak
temperatures can still be achieved. It was also found that these experiments experienced
less mobility with higher peak temperatures compared to the use of CAC alone. This can
be attributed to the influence of EVO. Since the base case test found EVO to be less mobile
than CAC, the use of EVO helps reduce the overall water content (water content of EVO
is around 30% where water content of undiluted CAC is around 66%) and binds the carbon
to the soil particles to remain relatively in place while still having the ability to be injected
with ease on a field site (RNAS, n.d.). These results show that using EVO as a supplemental
fuel with CAC provides additional user controllability over the test to enhance the
treatment achieved. However, for experiments that used a larger amount of EVO compared
to the amount of CAC (experiment III-5 and III-6), it was found that lower average peak
temperatures were achieved. The behaviour showed an initial strong ignition event
followed by lower peak temperatures which is comparable to the behaviour seen in
previous work with soy-bean oils (Salman et al., 2015). Experiment III-5 (15 g CAC + 35
g EVO/kg sand) achieved a peak temperature of 886 ± 28°C and experiment III-6 (10 g
CAC + 40 g EVO/kg sand) achieved a peak temperature of 824 ± 46°C. These temperatures
are both lower than what was achieved by CAC alone. This is mainly due to the base case
results showing that EVO does not have as strong of a smoulder capability as carbon. These
experiments illustrate that there is a threshold of required carbon that must be present for
EVO to be able to support the smoulder and provide enhanced results.
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Figure 3.7: Smouldering thermocouple profile data for Experiment III-3 (25 g CAC
+ 25 g EVO/kg sand, 2 cm/s air flux).
The performance of PAC as a carbon alternative in combination with EVO was also
assessed. Previous results suggest that PAC-based solutions can be used as a comparable
option to CAC. Experiment III-7 smouldered 25 g PAC + 25 g EVO/kg sand since this
ratio was determined to be sufficient to reach target temperatures previously with CAC as
the carbon source. Results reveal that a similar smouldering behaviour is seen when using
PAC as a substitute for CAC with EVO (Appendix K). The average peak temperature
achieved was 932 ± 28°C. Comparing to previous experiments with PAC alone, the peak
temperature achieved with the addition of EVO is higher which further confirms that EVO
can enhance the smouldering test when used in addition to carbon microparticle solutions.
While this average peak temperature is lower than the result achieved with CAC at the
same ratio, it is still above 900°C, meaning that PAC can also be used interchangeably with
CAC when mixing with EVO.
A distinct linear relationship was discovered between the amount of fuel and
temperature (Figure 3.8). While these experiments were all conducted at a fuel ratio of 50
g/kg, it was found that as the amount of carbon increases, so does the peak temperature.
Conversely, the more EVO present, the lower the peak temperature. A linear trend was
discovered for all EVO and CAC experiments (experiment III-3 – III-6). Base case
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experiments (experiment III-1 and III-2), as well as the PAC substitution experiment
(experiment III-7) were not found to follow the same relationship. This is because when
using EVO with carbon, EVO lowers the amount of moisture content present since EVO
has a lower water content value in the solution compared to the CAC solution. This lowers
the heat sink present, resulting in higher temperatures achieved. Additionally, the
introduction of EVO creates a different form of char upon smouldering that can lead to
enhanced smouldering when used in addition to carbon. PAC, however, was found to
achieve slightly lower peak temperatures compared to CAC in general which is
hypothesized to be due to differences in surface chemistry.

Figure 3.8: Relationship between amount and type of fuel and average peak
temperatures achieved.

The smouldering velocity was also found to be dependent on the type and amount
of fuel present in the mix. The base cases reveal that CAC alone has a smouldering front
velocity of 0.62 ± 0.14 cm/min and EVO alone has a smouldering front velocity of 0.90 ±
0.09 cm/min. It was found that for cases where more EVO was present, the smoulder
propagated faster compared to when there was more CAC present. This trend applies for
all base cases and CAC + EVO experiments (Figure 3.9). The PAC + EVO test was plotted

77
for comparison, but it was found to propagate much quicker than the CAC alternative and
did not fit the linear trend.

Figure 3.9: Relationship between amount and type of fuel and propagation velocity.
3.4

Experimental Work Limitations
While this work has been done to provide more insight on applying STAR treatment

for in-situ remediation of PFAS, there are certain assumptions made which are reflected in
the experimental limitations of this work. The main limitation is with the determination of
the carbon content achieved in the column through injection. Phase 1 experiments used
coarse silica sand for injection tests so that using LOI would not be affected by the organic
matter present in the imitated field soil. This helped determine the value of carbon content
achieved from injection of microparticles alone. The values of carbon concentration from
injection of Phase 1 were assumed to be the same values that would be achieved through
injection into the smouldering column even though an imitated field soil was used for
smouldering tests. There was no way to verify the carbon content in the smouldering
column after injection, so these values were assumed to be the same despite the differences
in soils used.
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An additional limitation is regarding the soil used in the system. The soil used was
an imitated field soil to provide a representation of soils experienced in a field setting with
introduced organic content. However, the role of heterogeneities was not taken into
consideration. It was assumed that the results achieved from injection and smouldering into
the imitated field soil will provide a reasonable representation of field scale results,
especially on relatively homogeneous sites. Sites with varying geologies, such as settings
that have a coarse sand pathway in a fine sand layer will provide complications for both
injection and smouldering results. Therefore, the results achieved from this study may not
be directly applied to all subsurface site conditions.
3.5

Summary and Conclusions
Laboratory smouldering columns evaluated, for the first time, the use of an

injectable fuel source for the purpose of treating PFAS. Smouldering was shown to be
successful with both CAC- and PAC-based liquid carbons as long as the source solution is
20% carbon to deliver a concentration of 50 g carbon/kg sand to the media. Results at 50 g
carbon/kg sand consistently achieved temperatures above 900°C, which is necessary for
the complete destruction and defluorination of PFAS. Despite effects of mobility, the
results maintained relatively consistent peak temperatures and smouldering velocities,
which prove the robustness of the smouldering system. The consistency achieved also
prove the use of liquid microparticle activated carbon to be a reliable surrogate fuel. Results
using PAC-based liquid carbon solutions were found to achieve slightly lower peak
temperatures compared to CAC-based liquid carbons of the same concentration. It is
hypothesized that this was due to particle size. CAC particle sizes are smaller and therefore
have a larger surface area which result in an increased reaction rate occurring on the
surface. This increased reaction rate has potential to produce a stronger smoulder and result
in higher peak temperatures compared to carbon alternatives with larger particle sizes, such
as PAC. Although the temperatures achieved are slightly lower, the PAC-based solutions
were still found to achieve the same amount of success as CAC when supplied at 50 g
carbon/kg sand or higher.
EVO was also proven to be an option as a secondary supplemental fuel when used
in conjunction with activated carbon. Self-sustaining smouldering was achieved for all
cases where EVO and carbon microparticles cumulatively totaled 50 g carbon/kg sand.
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However, average peak temperatures over 900°C were only achieved for cases where the
amount of EVO was less than or equal to the amount of carbon microparticles. This is
because EVO on its own does not reach as high of temperatures during smouldering due to
the nature of vegetable oil requiring more heat to raise the temperature of the overall unit
mass compared to activated carbon. However, when EVO was used to supplement carbon
microparticles at a sufficient ratio, a stronger smoulder with peak temperatures higher than
those experienced with carbon microparticles alone was achieved.
These results provide many implications when moving to field-scale treatment. It
was proved that CAC- and PAC-based solutions can be used virtually interchangeably.
This will be able to result in cost saving alternatives since PAC is cheaper comparatively.
Additionally geological settings provide limitations on the type of carbon that can be
injected. Being able to achieve the same results with different sizes of carbon can help with
treating sites with varying geological conditions. EVO has also been widely used for insitu treatment through injection, making it ideal for use in conjunction with activated
carbon solutions. EVO is cost effective for large scale treatment so it will also have the
ability to provide a cost savings treatment alternative while enhancing the performance of
STAR. Tests with soil mixing also confirm that this widely used remediation technique can
also be used for this application as an alternative to injection.
Overall, this work provided an advancement on treatment approaches for in-situ
remediation of PFAS. This study verified the ability for the surrogate fuels to be injected
or physically mixed in the subsurface to target PFAS. The findings of this study are also
valuable for the treatment of other contaminants beyond PFAS. Treatment was also verified
by smouldering reaching temperatures that will result in complete destruction. However,
experiments were only completed on a small laboratory scale. The success of these results
must be confirmed through scaling up to a pilot-scale field trial to further verify the process
and treatment success of PFAS-related contaminants.
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Chapter 4
4
4.1

Conclusions and Recommendations

Conclusions
The thesis is the first research to explore microparticle carbon injection to support

smouldering treatment for non-volatile, non-oil contaminants such as PFAS. Laboratoryscale column experiments assessed the behaviour of carbon injection into a soil matrix, as
well as the resulting smouldering trends. Phase I tests were conducted to understand how
colloidal activated carbon (CAC) and powdered activated carbon (PAC) based liquid
carbons behave when injected into soil and the resulting concentration of carbon retained
in the media. The carbons from Phase I were smouldered in Phase II tests through (i)
injection and (ii) soil mixing delivery methods. Phase III experiments conducted
smouldering tests using emulsified vegetable oil (EVO) as a supplemental fuel to support
microparticle carbon.
The results determined that 50 g carbon/kg sand is necessary to achieve average peak
temperatures greater than 900°C, the key value for destroying PFAS. Moreover, in order
for this concentration to be achieved, the injectable carbon solution must be at least 20%
carbon. This value was found for both CAC- and PAC-based liquid carbons. Furthermore,
both the carbon amount retained through injection and smouldering peak temperatures
achieved were comparable for CAC- and PAC-based solutions. Thus, the carbons are
essentially interchangeable and the most suitable option between the two can be selected
for any particular smouldering treatment.
Results further showed that using EVO as a secondary surrogate fuel can result in
enhanced smouldering results. When adding EVO, it was found to result in less mobility
and more consistent and higher peak temperatures. Success with EVO was found when the
amount of EVO used was less than or equal to the amount of carbon microparticles and the
cumulative fuel amount was 50 g carbon/kg sand.
In summary, experiments from this study demonstrated that both CAC- and PACbased liquid carbons can be used and can be delivered by injection and by soil mixing to
achieve smouldering conditions sufficient to destroy PFAS. EVO was also shown to be a
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successful addition that can achieve enhanced smouldering results compared to CAC alone.
This is a promising step forward using STAR for treatment of PFAS-contaminated soils.

4.2

Recommendations

The following studies and research tasks are recommended:
-

Improve the lab-scale smouldering column so that PAC based solutions can also be
injected with ease, like they were shown to with the small glass injection column
tests. The tests that were completed with PAC used soil mixing and were
representative of approximated injection conditions. While soil mixing is a valid
remedial approach, injection delivery should be completed with PAC to provide a
better comparison with the CAC injection results.

-

Conduct smouldering tests using carbon solutions and EVO together delivered
through injection to determine if the same enhanced success can be achieved.

-

Perform confirmation studies using PFAS contaminated field soil to verify that
successful treatment can be achieved when activated carbon is delivered to the soil
through in-situ treatment methods.

-

Conduct increased scale tests at an intermediate pilot-scale to explore the ability for
STAR to successfully treat PFAS contaminated soils when supported by carbon
through injection or soil mixing. Conducting these tests on a pilot-scale will be
valuable for providing more insight on the treatment method so that it can later be
translated for full field-scale applications.
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Appendix A: Imitated Field Soil Grain Size Distribution Curve

Figure A.1: Grain size distribution curve of the imitated field soil mix used for
smouldering tests.
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Appendix B: Settling of Activated Carbon Solutions

Figure B.1: UV-Spectroscopy results showing the settling of carbon in both the
CAC and PAC solutions.
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Appendix C: Glass Column Injection Test Repeats
Since there has been little work done to explore the use of injection as a fuel
delivery method with STAR, it was important to assess the fuel concentration that could
be delivered to a soil matrix through injection. It was also important to determine if this
method is capable of producing repeatable results since the soil would not be
homogeneously mixed to smoulder as done with majority of past STAR studies. For this
reason, each glass column test (experiments I-1 to I-5) were carried out in triplicates. For
each injection, six samples were selected along the height of the column to also confirm
that a relatively homogeneous distribution of carbon was achieved through injection.
Experiment I-1 Repeats:
Table C.1: Experiment I-1 Triplicate 1 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

13.29

0.17

4.81

35.37

14-18 cm

13.69

0.17

4.20

40.52

14-18 cm

14.45

0.19

4.33

43.90

14-18 cm

12.71

0.17

4.45

38.24

3-6 cm

12.43

0.16

4.43

36.08

0-3 cm

14.01

0.22

4.77

46.12

100
Table C.2: Experiment I-1 Triplicate 2 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

15.00

0.21

4.74

44.31

14-18 cm

13.73

0.18

4.24

42.48

14-18 cm

14.67

0.19

4.54

41.87

14-18 cm

15.15

0.2

4.30

46.53

3-6 cm

14.67

0.21

4.58

45.85

0-3 cm

14.37

0.21

4.34

48.39

Table C.3: Experiment I-1 Triplicate 3 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

13.00

0.16

4.40

36.32

14-18 cm

15.85

0.20

4.12

48.56

14-18 cm

14.93

0.19

4.16

45.70

14-18 cm

16.07

0.17

4.08

41.71

3-6 cm

14.84

0.21

4.23

49.65

0-3 cm

15.26

0.14

4.20

33.31
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Experiment I-2 Repeats:
Table C.4: Experiment I-2 Triplicate 1 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

11.09

0.18

4.49

40.12

14-18 cm

11.21

0.22

4.95

44.44

14-18 cm

12.20

0.25

4.52

55.27

14-18 cm

12.45

0.25

4.62

54.07

3-6 cm

18.32

0.35

4.45

78.60

0-3 cm

13.99

0.29

4.29

67.64

Table C.5: Experiment I-2 Triplicate 2 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

14.46

0.27

4.73

57.14

14-18 cm

13.84

0.26

4.68

55.50

14-18 cm

13.49

0.24

4.14

57.94

14-18 cm

14.26

0.28

4.20

66.73

3-6 cm

13.74

0.29

4.26

68.12

0-3 cm

13.99

0.25

4.32

57.82
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Table C.6: Experiment I-2 Triplicate 3 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

13.79

0.23

4.48

51.32

14-18 cm

14.84

0.25

4.36

57.29

14-18 cm

13.58

0.22

4.19

52.50

14-18 cm

14.62

0.25

4.15

60.19

3-6 cm

13.66

0.25

4.70

53.15

0-3 cm

30.97

0.31

3.62

85.66

Experiment I-3 Repeats:
Table C.7: Experiment I-3 Triplicate 1 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

15.64

0.45

4.50

99.95

14-18 cm

14.21

0.40

4.47

89.54

14-18 cm

14.56

0.43

4.48

95.98

14-18 cm

14.93

0.42

4.18

100.49

3-6 cm

13.60

0.41

4.65

88.20

0-3 cm

14.16

0.42

4.53

92.73
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Table C.8: Experiment I-3 Triplicate 2 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

11.09

0.38

4.95

76.84

14-18 cm

11.20

0.34

4.21

80.72

14-18 cm

10.71

0.34

4.69

72.47

14-18 cm

10.25

0.36

4.75

75.73

3-6 cm

11.15

0.35

4.38

79.86

0-3 cm

11.36

0.36

4.35

82.69

Table C.9: Experiment I-3 Triplicate 3 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

14.39

0.38

4.24

89.72

14-18 cm

13.84

0.43

4.59

93.68

14-18 cm

14.04

0.39

4.12

94.74

14-18 cm

12.52

0.37

4.55

81.24

3-6 cm

13.33

0.40

4.32

92.65

0-3 cm

14.46

0.41

4.42

92.79
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Experiment I-4 Repeats:

Table C.10: Experiment I-4 Triplicate 1 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

18.94

0.17

5.02

34.38

14-18 cm

17.66

0.18

4.12

44.21

14-18 cm

17.92

0.19

4.08

46.98

14-18 cm

17.50

0.17

4.13

41.79

3-6 cm

17.06

0.17

4.41

39.14

0-3 cm

16.64

0.20

4.27

47.13

Table C.11: Experiment I-4 Triplicate 2 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

21.02

0.11

4.37

24.12

14-18 cm

18.00

0.25

5.41

46.01

14-18 cm

16.54

0.21

4.19

50.30

14-18 cm

17.78

0.21

4.47

47.15

3-6 cm

15.37

0.26

4.87

53.07

0-3 cm

18.20

0.34

4.57

75.43
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Table C.12: Experiment I-4 Triplicate 3 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

17.00

0.12

4.47

27.85

14-18 cm

17.65

0.20

4.43

45.42

14-18 cm

18.13

0.23

4.16

55.25

14-18 cm

16.83

0.19

4.07

47.10

3-6 cm

16.67

0.21

4.15

50.79

0-3 cm

14.77

0.20

4.31

46.69

Experiment I-5 Repeats:

Table C.13: Experiment I-5 Triplicate 1 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

18.00

0.29

4.56

63.10

14-18 cm

17.57

0.17

4.11

42.02

14-18 cm

16.50

0.20

4.77

42.21

14-18 cm

17.25

0.22

5.02

43.91

3-6 cm

16.25

0.22

4.17

52.86

0-3 cm

17.90

0.30

4.49

66.21
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Table C.14: Experiment I-5 Triplicate 2 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

17.50

0.21

4.23

49.85

14-18 cm

19.35

0.19

4.03

47.59

14-18 cm

19.60

0.20

3.83

52.57

14-18 cm

20.07

0.23

4.40

52.26

3-6 cm

19.06

0.23

4.62

49.78

0-3 cm

20.30

0.26

4.54

56.95

Table C.15: Experiment I-5 Triplicate 3 Results
Location of Sample

Moisture

Carbon in

Sand in Sample

Carbon Concentration

from Column

Content (%)

Sample (g)

(g)

(g/kg)

22-26 cm

20.55

0.22

4.74

46.50

14-18 cm

19.17

0.22

4.64

47.51

14-18 cm

20.21

0.24

4.39

54.55

14-18 cm

20.48

0.27

4.06

66.18

3-6 cm

18.90

0.28

4.46

62.38

0-3 cm

19.97

0.29

4.46

64.52

107
Appendix D: Glass Column Injection Test Uncertainty
Table D.1: Injection Results Used to Calculate Uncertainty in Carbon Concentration
Experiment

Average Carbon
Concentration from Test
(g/kg)

Average
Carbon
Concentration
for
Experiment
(g/kg)

Median
(g/kg)

Standard
Deviation

95%
Confidence
Interval (±
g/kg)

Test 1

Test 2

Test 3

I-1

40.97

44.91

42.54

42.81

42.54

1.98

2.24

I-2

56.69

60.54

60.02

59.08

60.02

2.09

2.36

I-3

94.48

78.05

90.80

87.78

90.80

8.62

9.76

I-4

42.27

49.35

45.52

45.71

45.52

3.54

4.01

I-5

51.72

51.50

56.94

53.39

51.72

3.08

3.48

Notes on Uncertainty Calculations:
1. Three repeats were carried out for each experiment to verify the repeatability. The
average for each repeat is reported under “Average Carbon Concentration from
Test.”
2. The average carbon concentration for each experiment is calculated as the average
of the three trial averages.
3. 95% confidence intervals are calculated for each experiment assuming a Z-score
standard normal distribution of error.
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Appendix E: Uncertainty for Phase 2 Smouldering Results
Table E.1: Experiment II- 1 Temperature Results Used to Calculate Uncertainty

Table E.2: Experiment II-2 Temperature Results Used to Calculate Uncertainty
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Table E.3: Experiment II-3 Temperature Results Used to Calculate Uncertainty

Table E.4: Experiment II-4 Temperature Results Used to Calculate Uncertainty

Notes on Uncertainty Calculations:
1. Averages were calculated from each peak temperature across all triplicates.
2. The average only considered the peak temperatures within the smouldering range.
The smouldering range for some tests extended into the “clean sand” region so this
was considered for the calculations.
3. Experiment II-4 did not complete triplicates, so the average is representative of
the TC results for the single test alone for this case.
4. Uncertainty was calculated using a 95% confidence interval.
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Table E.5: Phase 2 Smouldering Velocity Results Used to Calculate Uncertainty
Experiment II-1 (17% CAC Injection)
1
2

Trial
Average Velocity from
Each Trial (cm/min)

0.54

Average Smouldering
Velocity (cm/min)

0.55

Standard Deviation
95% Confidence
Interval
Trial
Average Velocity from
Each Trial (cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Trial
Average Velocity from
Each Trial (cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval

0.53

3
0.60

0.04
0.04
Experiment II-2 (22.7% CAC Injection)
1
2
1.04
0.52

3
0.49

0.69
0.31
0.35
Experiment II-3 (17% PAC Soil Mixing)
1
2
0.44
0.34

3
0.35

0.37
0.05
0.06
Experiment II-4 (22.7% PAC Soil Mixing)

Smouldering Velocity
to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval

0.47
0.01
0.01

500°C

600°C

700°C

0.46

0.46

0.48
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Appendix F: Phase 2 Pre- and Post-Smoulder Photos

Figure F.1: Experiment II-1 A) pre-smoulder photo showing the 17% CAC solution
after injected into the column and B) the post-smoulder photo showing no carbon
left behind.

Figure F.2: Experiment II-2 A) pre-smoulder photo showing 22.7% CAC solution
after injected into the column and B) the post-smoulder photo showing no carbon
left behind.

112

Figure F.3: Experiment II-3 A) pre-smoulder photo showing 17% PAC solution
mixed with soil before placing it in the column and B) the post-smoulder photo
showing no carbon left behind.

Figure F.4: Experiment II-4 A) pre-smoulder photo showing 22.7% PAC solution
mixed with soil before placing it in the column and B) the post-smoulder photo
showing no carbon left behind.
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Appendix G: Phase 2 Repeat Tests
Experiment II-1 (17% CAC) Repeats:
Carbon Concentration: 42.81 ± 2.24 g carbon/kg soil (approximated by injection tests)
Method of Delivery: Injection
Air Flux = 2 cm/s
Average Peak Temperature = 950 ± 73°C
Smouldering Velocity = 0.53 cm/min

Figure G.1: Experiment II-1 triplicate 2 smouldering profile.
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Carbon Concentration: 42.81 ± 2.24 g carbon/kg soil (approximated by injection tests)
Method of Delivery: Injection
Air Flux = 2 cm/s
Average Peak Temperature = 882 ± 56°C
Smouldering Velocity = 0.60 cm/min

Figure G.2: Experiment II-1 triplicate 3 smouldering profile.
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Experiment II-2 (22.7% CAC) Repeats:
Carbon Concentration: 59.08 ± 2.36 g carbon/kg soil (approximated by injection tests)
Method of Delivery: Injection
Air Flux = 2 cm/s
Average Peak Temperature = 947 ± 40°C
Smouldering Velocity = 0.49 cm/min

Figure G.3: Experiment II-2 triplicate 1 smouldering profile.
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Carbon Concentration: 59.08 ± 2.36 g carbon/kg soil (approximated by injection tests)
Method of Delivery: Injection
Air Flux = 2 cm/s
Average Peak Temperature = 921 ± 66°C
Smouldering Velocity = 1.04 cm/min

Figure G.4: Experiment II-2 triplicate 2 smouldering profile.
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Carbon Concentration: 59.08 ± 2.36 g carbon/kg soil (approximated by injection tests)
Method of Delivery: Injection
Air Flux = 2 cm/s
Average Peak Temperature = 922 ± 46°C
Smouldering Velocity = 0.52 cm/min

Figure G.5: Experiment II-2 triplicate 3 smouldering profile.
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Experiment II-3 (17% PAC) Repeats:
Carbon Concentration: 45.71 ± 4.01 g carbon/kg soil (value selected from injection tests)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 851 ± 27°C
Smouldering Velocity = 0.34 cm/min

Figure G.6: Experiment II-3 triplicate 1 smouldering profile.
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Carbon Concentration: 45.71 ± 4.01 g carbon/kg soil (value selected from injection tests)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 867 ± 51°C
Smouldering Velocity = 0.44 cm/min

Figure G.7: Experiment II-3 triplicate 2 smouldering profile.
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Carbon Concentration: 45.71 ± 4.01 g carbon/kg soil (value selected from injection tests)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 922 ± 31°C
Smouldering Velocity = 0.35 cm/min

Figure G.8: Experiment II-3 triplicate 3 smouldering profile.
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Experiment II-4 (22.7% PAC) Repeats:
Carbon Concentration: 45.71 ± 4.01 g carbon/kg soil (value selected from injection tests)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 922 ± 35°C
Smouldering Velocity = 0.47 cm/min

Figure G.9: Experiment II-4 smouldering profile.
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Appendix H: Features of Mobility
Time-temperature plots for CAC tests (experiment II-1 and II-2) reveal apparent
behaviour of liquid mobility. Figure H.1 shows that re-ignition is occurring after the
smouldering zone has reached its peak. After these curves begin cooling, they are re-ignited
and continue smouldering to reveal a secondary, or re-ignition, peak. This is also shown in
temperature-distance plots (Figure H.2) since it can be seen that smouldering occurring
simultaneously at two different locations in the column. Meaning that the lower region was
re-ignited to continue smouldering while the region above is smouldering. This behaviour
was only prominently seen in the CAC tests, likely because these tests were delivered
through injection instead of mixing at an approximate representative concentration.

Figure H.1: Experiment II-1 example re-ignition curves.
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Figure H.2: Temperature versus distance plot of Experiment II-1, highlighting the
mobility in the column.
A unique feature of these experiments is that there is also upward liquid migration,
which again is prominently seen in the CAC experiments. Figure H.3 shows that the
smouldering zone extends beyond the original carbon contaminated zone at the beginning
of the test. Experiment II-1 extends to TC 15 – TC 17 (6 – 18 cm into the clean sand cap)
and Experiment II-2 extents to TC 16 – TC 18 (12 – 24 cm into the clean sand cap) for all
triplicate tests, proving this is a repeatable feature. Strong smouldering being experienced
in the clean sand indicates that upon heating and air flow, the liquid carbon is condensed
and pushed upwards into the clean sand, thereby extending the smouldering region. The
implications of this are beneficial since it means that when applied in situ, a larger radius
of influence than expected will be experienced which will be able to treat larger
contaminated areas.
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Figure H.3: Experiment II-1 upward migration features.
Additionally, Experiment II-2 experienced a unique feature regarding the mobility
in the system. After majority of the zones had finished the smouldering event and begun
cooling, a defined plateau was seen in the curves (Figure H.4). The plateau is likely a cause
of fuel migrating and being fed back into the region in attempt to cause a re-ignition.
However, the reaction consumed the additional fuel at a consistent rate which resulted in
the temperature being held at an approximately constant value until there was no longer
any fuel being fed into the region and the cooling phase could continue. This feature was
only seen consistently in Experiment II-2, however, a few curves appeared to exhibit this
behaviour to a minor extent in Experiment II-4, which gives indication that this cooling
plateau is a feature of the effect of mobility for higher carbon concentrations.
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Figure H.4: Experiment II-2 mobility plateau.
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Appendix I: Moisture Content Calculations
The approximate water content of each carbon solution is known. Since moisture
content in smouldering experiments is identified to be a heat sink to peak temperatures
experiences, it is of interest to determine the approximate moisture content present in the
smouldering columns. This will be helpful when comparing to previously completed work
with GAC to determine if moisture was potentially acting as a heat sink.
Experiment II-1 (17% CAC):
42.81
) = 251.82 𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝐴𝐶 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
0.17
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 251.82 − 42.81 = 209.01 𝑔 𝑤𝑎𝑡𝑒𝑟
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑠𝑜𝑖𝑙 + 𝑐𝑎𝑟𝑏𝑜𝑛) = 1042.81 𝑔

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
209.01
=
= 20% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
1042.81

Experiment II-2 (22.7% CAC):
59.08
) = 260.26 𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝐴𝐶 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
0.227
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 260.26 − 59.08 = 201.18 𝑔 𝑤𝑎𝑡𝑒𝑟
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑠𝑜𝑖𝑙 + 𝑐𝑎𝑟𝑏𝑜𝑛) = 1059.08 𝑔

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
201.18
=
= 19% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
1059.08
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Experiment II-3 (17% PAC):
45.71
) = 268.88 𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐴𝐶 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
0.17
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 268.88 − 45.71 = 223.17 𝑔 𝑤𝑎𝑡𝑒𝑟
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑠𝑜𝑖𝑙 + 𝑐𝑎𝑟𝑏𝑜𝑛) = 1045.71 𝑔

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
223.17
=
= 21% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
1045.71

Experiment II-3 (22.7% PAC):
53.39
) = 235.19 𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐴𝐶 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = (
0.227
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 235.19 − 53.39 = 181.8 𝑔 𝑤𝑎𝑡𝑒𝑟
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑠𝑜𝑖𝑙 + 𝑐𝑎𝑟𝑏𝑜𝑛) = 1053.39 𝑔

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
181.8
=
= 17% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
1053.39

Notes on moisture calculations:
1. CAC additives and PolyDADMAC amount is assumed to be insignificant, so
calculation is broken into carbon, soil, and water.
2. Range is reported to be 17-21% for all cases since CAC moisture contents fall in
this range and are closely related.
3. These moisture calculations are for the carbon microparticles and soil together. The
water content of the carbon solutions used are much higher and reported in the
materials section.
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Appendix J: Carbon Smouldering Results Comparison

Results from Phase 2 experiments were plotted with results achieved from a
previous study using GAC alone with no moisture (Duchesne et al., 2020). These results
show that a weaker linear correlation is found that is independent for the CAC and PAC
solutions and cannot be extended to the GAC results. It is also illustrated that moisture and
air flux both act to reduce the peak temperatures from what they would be without these
limiting features.

Figure J.1: Experimental average peak temperatures using GAC completed by
Duchesne et al., 2020 compared to experimental average peak temperatures of CAC
and PAC solutions achieved in Phase 2 of the current study.
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Table J.1: Average Temperature Value Comparison with Previous Study Results
Carbon
Concentration
(g carbon/kg sand)

Average
Average
Temperature from
Temperature from
Phase 2
Duchesne et al.,
Experiments (2 cm/s
2020 (5 cm/s air
air flux) (°C)
flux) (°C)
a
42.81
918 ± 33
1017
45.71
880 ± 23b
1058
b
53.39
922 ± 35
1166
59.08
931 ± 29a
1246
a
These results are from experiments using CAC solution
b
These results are from experiments using PAC solution

Difference in
Temperature
(°C)

99
178
244
315
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Appendix K: Phase 3 Tests
Experiment III-1: CAC Solution Base Case:
The CAC solution base case tests were carried out in triplicates. This is because
previous injection tests determined that this solution is mobile during smouldering. The
behaviour of the solution when mixing and placing into the column was of interest to
determine if the smouldering behaviour is repeatable. The results from the triplicates were
used to calculate the average peak temperature and smouldering velocity.
Carbon Concentration: 50 g carbon/kg sand (147.05 g CAC solution/kg sand)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 1049 ± 27°C
Smouldering Velocity = 0.84 cm/min

Figure K.1: Experiment III-1 triplicate 1 smouldering profile.

131
Carbon Concentration: 50 g carbon/kg sand (147.05 g CAC solution/kg sand)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 1115 ± 19°C
Smouldering Velocity = 0.61 cm/min

Figure K.2: Experiment III-1 triplicate 2 smouldering profile.
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Carbon Concentration: 50 g carbon/kg sand (147.05 g CAC solution/kg sand)
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 1054 ± 16°C
Smouldering Velocity = 0.62 cm/min

Figure K.3: Experiment III-1 triplicate 3 smouldering profile.
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Experiment III-2: EVO Base Case:
One test was completed as a base case for smouldering with EVO. This is because
behaviour with mobility is better understood after conducting Phase 2 experiments and
repeatability through smouldering with vegetable oils and EVO has been confirmed in
previous studies (Kinsman et al., 2017; Salman et al., 2015). Therefore, it can be assumed
that this EVO will have repeatability once the general behaviour and performance is
understood.
EVO Concentration: 50 g EVO/kg sand
Method of Delivery: Soil Mixing
Air Flux = 2 cm/s
Average Peak Temperature = 695 ± 41°C
Smouldering Velocity = 0.90 cm/min

Figure K.4: Experiment III-2 base case smouldering profile.

134
Experiment III-4: CAC + EVO:
EVO Concentration: 10 g EVO/kg sand
CAC Concentration: 40 g CAC/kg sand
Method of Delivery: Soil Mixing
Air flux = 2 cm/s
Average Peak Temperature = 1215 ± 34°C
Smouldering Velocity = 0.71 cm/min

Figure K.5: Smouldering thermocouple profile data for Experiment III-4 (40 g
CAC + 10 g EVO/kg sand, 2 cm/s air flux).

135
Experiment III-5: CAC + EVO:
EVO Concentration: 35 g EVO/kg sand
CAC Concentration: 15 g CAC/kg sand
Method of Delivery: Soil Mixing
Air flux = 2 cm/s
Average Peak Temperature = 886 ± 28°C
Smouldering Velocity = 0.89 cm/min

Figure K.6: Smouldering thermocouple profile data for Experiment III-5 (15 g
CAC + 35 g EVO/kg sand, 2 cm/s air flux).

136
Experiment III-6: CAC + EVO:
EVO Concentration: 40 g EVO/kg sand
CAC Concentration: 10 g CAC/kg sand
Method of Delivery: Soil Mixing
Air flux = 2 cm/s
Average Peak Temperature = 824 ± 46°C
Smouldering Velocity = 0.85 cm/min

Figure K.7:Smouldering thermocouple profile data for Experiment III-6 (10 g CAC
+ 35 g EVO/kg sand, 2 cm/s air flux).
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Experiment III-7: PAC + EVO:
EVO Concentration: 25 g EVO/kg sand
PAC Concentration: 25 g PAC/kg sand
Method of Delivery: Soil Mixing
Air flux = 2 cm/s
Average Peak Temperature = 932 ± 28°C
Smouldering Velocity = 0.91 cm/min

Figure K.8:Smouldering thermocouple profile data for Experiment III-7 (25 g
PAC + 25 g EVO/kg sand, 2 cm/s air flux).
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Appendix L: Uncertainty for Phase 3 Smouldering Results
Table L.1: Experiment III-1 Temperature Results Used to Calculate Uncertainty

Table L.2: Experiment III-2 Temperature Results Used to Calculate Uncertainty
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Table L.3: Experiment III-3 Temperature Results Used to Calculate Uncertainty

Table L.4: Experiment III-4 Temperature Results Used to Calculate Uncertainty
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Table L.5: Experiment III-5 Temperature Results Used to Calculate Uncertainty

Table L.6: Experiment III-6 Temperature Results Used to Calculate Uncertainty

141
Table L.7: Experiment III-7 Temperature Results Used to Calculate Uncertainty

Table L.8: Phase 3 Smouldering Velocity Results Used to Calculate Uncertainty
Trial
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval

Experiment III-1 (CAC Base Case)
1
2
0.84

3

0.61

0.62

0.69
0.13
0.15
500°C
0.96

Experiment III-2 (EVO Base Case)
600°C
0.94

700°C
0.81

0.90
0.08
0.09
Experiment III-3 (25 g CAC + 25 g EVO)
500°C
600°C

700°C

0.76

0.77

0.77
0.00
0.00

0.76
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Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval
Smouldering Velocity to
Average Velocity for
Each Temperature
(cm/min)
Average Smouldering
Velocity (cm/min)
Standard Deviation
95% Confidence
Interval

Experiment III-4 (40 g CAC + 10 g EVO)
500°C
600°C

700°C

0.69

0.72

0.72

0.71
0.02
0.02
Experiment III-5 (15 g CAC + 35 g EVO)
500°C
600°C

700°C

0.87

0.90

0.90

0.89
0.02
0.02
Experiment III-6 (10 g CAC + 40 g EVO)
500°C
600°C

700°C

0.86

0.83

0.87

0.85
0.02
0.02
Experiment III-7 (25 g PAC + 25 g EVO)
500°C
600°C

700°C

0.85

0.95

0.91
0.05
0.06

0.91
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Appendix M: Phase 3 Pre- and Post-Smoulder Photos

Figure M.1: Experiment III-2 A) pre-smoulder photo showing 50 g EVO/kg soil
before placing it in the column and B) the post-smoulder photo showing no oil left
behind.

Figure M.2: Experiment III-3 A) pre-smoulder photo showing 25 g CAC + 25 g
EVO/kg soil before placing it in the column and B) the post-smoulder photo showing
no carbon or oil left behind.
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Figure M.3: Experiment III-4 A) pre-smoulder photo showing 40 g CAC + 10 g
EVO/kg soil before placing it in the column and B) the post-smoulder photo showing
no carbon or oil left behind.

Figure M.4: Experiment III-5 A) pre-smoulder photo showing 15 g CAC + 35 g
EVO/kg soil before placing it in the column and B) the post-smoulder photo showing
no carbon or oil left behind.
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Figure M.5: Experiment III-6 A) pre-smoulder photo showing 10 g CAC + 40 g
EVO/kg soil before placing it in the column and B) the post-smoulder photo showing
no carbon or oil left behind.

Figure M.6: Experiment III-7 A) pre-smoulder photo showing 25 g PAC + 25 g
EVO/kg soil before placing it in the column and B) the post-smoulder photo showing
no carbon or oil left behind.
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